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EDITORIAL 





OVERSEAS TRAVEL FOR AMERICANS - THE IMAGE 
AND THE EXPENSE 


Early last year I received a letter from Colin Gutteridge, a respected 
British analytical chemist and organizer of the international symposium 
“Pyrolysis 86” in Reading, U.K. His letter was in response to my report 
“Comments on Conferences” [J. Anal. Appl. Pyrolysis, 12 (1987) 189-191]. 
Colin pointed out that while 30% of the attendees at the 1987 Gordon 
Research Conference on Analytical Pyrolysis (Plymouth, U.S.A.) were from 
outside the United States, only 15% of the attendees of the Pyrolysis 86 
conference were from the U.S. Colin asked the question: why is it that many 
North Americans don’t travel to conferences in Europe (and other parts of 
the world)? This issue has been raised before, but to my knowledge no 
satisfactory answer has been given. Thus I decided to take an informal 
survey of members of the analytical pyrolysis community in the United 
States and Canada to see what the main reasons for this phenomenon are. A 
survey form was sent to 175 North American “pyrolysis people”, and 80 
forms (a very pleasing 46%) were returned. 

The average respondent said that he/she had attended 24.1 technical 
conferences / symposia/ workshops in the past ten years. Of these meetings, 
3.0 (12%) per respondent were held outside of the North American conti- 
nent. There was a good mix of academic (31%), industrial (43%), and 
government (26%) respondents. Most of the questionnaires (78%) were from 
people who considered themselves “senior-level” scientists, engineers or 
professors. Only 11% of the forms were from “junior-level” professionals, 
and another 11% were from managers or directors. Thus the survey results 
largely reflect the views of more experienced scientists and engineers. 
Fourteen possible reasons for non-attendance of conferences outside the 
North American continent were listed on the questionnaires, and the respon- 
dents were asked to rate each in one of three categories: “important factor”, 
“a factor”, or “not a factor”. The fourteen factors and the overall results are 
given in Table 1. 

It is clear that the major non-attendance factors were high travel expenses 
(factor 1) and difficulty of obtaining employer approval (factor 3). It is 
unquestionably true that for Americans in the past few years, the devalued 
dollar has made overseas travel much more expensive than it was even four 
or five years ago. The image and expense of overseas travel is obviously a 
difficulty with many employers and granting agencies, as evidenced by the 
high ratings for factors 3, 4 and 5. The time involved in overseas travel 





TABLE 1 


Fourteen factors for non-attendance at conferences outside the North American continent 





Important A factor Nota 





. Travel expenses are too high 
. Too much time away from work or family is involved 
. It is too hard to get approval from my employer 
. My employer or grant agency does not permit 
foreign travel 
. My employer looks at foreign travel as a luxury 
or vacation 
. I do not like or feel comfortable with foreign travel 
. I do not like to travel long distances or in airplanes 
. It is too much trouble to get a passport or visa 
. Language or cultural barriers are difficult for me 
to overcome 
. All important work in my field is covered in 
American conferences 
. Since foreigners come here, there is no need 
for me to travel 
. Foreign conferences are generally not well organized 
. The scientific program is of lower quality 
in foreign conferences 
. I can only attend one or two meetings a year, 
and foreign conferences are not first choices 





(factor 2) is also important to many conferees. That is, it is often convenient 
to attend just one or two days of a domestic conference, while traveling 
overseas usually requires a full week (or more) commitment of time. Finally, 
for whatever reason, many respondents indicated (factor 14) that overseas 
conferences are generally not their first choices when they can attend only a 
limited number of meetings per year. 

Interestingly, the responses varied somewhat among academic, industrial, 
and government respondents. Academic people attended an average of 31.1 
conferences over the ten-year period, of which 6.6 (21%) were overseas. Only 
8% had never attended a foreign conference. The overwhelming reason for 
non-attendance was travel expense (factor 1); this was cited by 80% of the 
respondents as “a factor” or an “important factor”. Lesser factors also 
frequently cited were factors 2 and 14. One factor mentioned by some 
academic people (but hardly at all by industrial or government scientists) is 
that the timing of foreign conferences is often not favorable with respect to 
the typical American academic year. 

Industrial people attended an average of 19.0 conferences over the ten-year 
period, of which only 1.5 (8%) were overseas. Thus, in general industrial 
scientists attend fewer conferences than their academic colleagues. One-half 
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of the industrial respondents had never attended a foreign conference. The 
industrial respondents cited factors 1 (travel expense) and 3 (employer 
approval) as the two major reasons for non-attendance at foreign con- 
ferences; both of these factors weve cited by 79% of the respondents. Of 
lesser importance, but still frequently cited, were factors 5 and 14. A major 
difference between academic and industrial scientists is that the image of 
foreign travel appears to be more favorable in an academic than an in- 
dustrial environment. It is unfortunately true that many industrial employers 
view foreign travel as an unnecessary luxury for most technical employees. 
Foreign travel is sometimes granted more as a “reward” for good perfor- 
mance than as something beneficial from a technical viewpoint. 

Government people attended an average of 24.0 conferences over the 
ten-year period, of which only 1.1 (5%) were foreign. Over half (57%) of 
these respondents had never attended a foreign conference. The principal 
non-attendance factors cited were factors 3 (employer approval, cited by 
90% of respondents) and 1 (travel expense, cited by 81% of the respondents). 
Lesser factors also frequently cited were factors 4 and 5 (which are both 
employer related). The government employee responses are similar to those 
of industrial scientists. Employe1 approval appears to be even more difficult 
for many government employees, however; several people mentioned specifi- 
cally that they have to apply for a foreign conference a year or so in 
advance, and that approval may be granted only a few days in advance of 
the travel date! This obviously makes planning ahead very difficult and 
discouraging. 

Overall, the survey results are interesting and I think instructive in some 
respects. It appears that most North American scientists (at least in the 
“analytical pyrolysis” community) would like to attend more overseas 
conferences. They apparently feel that the scientific content and technical 
interchange in foreign conferences is at least as good as that in American 
conferences. The major hurdles to overcome, however, are travel expense 
and employer approval. It would be interesting to hear the perspective from 
the other side (i.e. from Europeans and other non-Americans). 


ROBERT P. LATTIMER 
Associate Editor 
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ABSTRACT 


Peat types are categorized by botanical composition and degree of degradation. The more 
decomposed, or sapric peats, contain a higher percentage of finer particles than the least 
decomposed, or fibric peats. These finer particles represent the degradative remains of larger 
plant particles and, hence, possess a chemical composition indicative of increasing humifica- 
tion. Pyrolysis-gas chromatography/Fourier transform infrared/flame ionization detection 
(FID) and pyrolysis-gas chromatography/mass spectrometry studies have been conducted 
on woody peats from a deposit near Jambi, Sumatra, Indonesia, in an attempt to correlate 
particle size fractions to chemical composition. Fifty-seven compounds, classified according 
to their origins (e.g., eugenol, which is derived from guaiacyl type lignins), are quantitatively 
monitored by normalizing the FID response to 1 for each particle size fraction for each 
sample. The relative concentrations for each compound are then plotted versus three particle 
size fractions, and a classification scheme developed based upon those plots. The schemes 
classify the compounds as being either more concentrated in the finer size fractions, coarse 
size fractions, or as having no discernible particle size fraction trend. The fate of individual 
compounds and classes of compounds (e.g., hexoses) are presented, and the chemical 
composition of the various peat types are reconstructed from these data. 


Flame ionization detection; Fourier transform infrared spectroscopy; gas chromatography; 
mass spectrometry; peat; pyrolysis. 


* Taken in part from the thesis of G.D. Calvert which will be submitted to the Department 
of Chemistry in partial fulfillment of the Ph.D. degree. 


0165-2370 /89/$03.50 © 1989 Elsevier Science Publishers B.V. 
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INTRODUCTION 


Modern peat deposits consists of physically and chemically heterogeneous 
organic material that can be categorized by botanical composition and 
degree of decomposition. One parameter commonly used to estimate the 
degree of decomposition is the distribution of particle size within a peat type 
[1]. Decreasing particle size has been correlated to increasing decomposition 
as measured by chemical techniques and has been shown to directly affect 
the suitability of peat as a fuel or agricultural additive [2]. 

Recently, studies have reported general chemical differences between 
different sized particles within peat samples [3-7]. In general, coarse par- 
ticles (> 2 mm) contain more cellulose and lignocellulose-rich compounds 
than do smaller (> 0.25 mm), more decomposed particles. Specific chemical 
compounds characterizing these shifts have not, however, been closely 
monitored. This concept has not been tested for different size fractions 
between peak types at different levels of decomposition. Knowing the 
physical and chemical characteristics of peat enables one to better correlate 
observed chemical changes with corresponding humification patterns and 
with shifts in the types of plants making up the peat. 

If specific chemical changes can be directly related to particle size 
fractions, then simple sieve techniques can be used to estimate decomposi- 
tion and chemical composition. The objective of this study is to determine 
the different concentrations of specific chemical compounds between par- 
ticles of different size fractions within a variety of peat types at different 
degrees of decomposition. 

Previous studies of the chemical variability of peat have used powerful 
analytical techniques including magic angle spinning ‘°C nuclear magnetic 
resonance spectroscopy (MAS °C NMR) [8,9], pyrolysis—mass spectroscopy 
(MS), pyrolysis—gas chromatography /mass spectrometry (GC/MS) [10-15], 
and Fourier transform infrared (FTIR) spectroscopy [7,16—18]. We chose to 
use pyrolysis-GC/ FTIR/flame ionization detection (FID) and 
pyrolysis-GC/MS because of their ability to monitor the chemical variabil- 
ity of peat on a molecular level [19]. This combination of techniques has 
proved to be valuable in providing both qualitative and quantitative esti- 
mates of specific components derived from the breakdown of peat. 

It should be mentioned that the presence or absence of inorganic ash is of 
critical importance in pyrolysis. It has been shown that the catalytic activity 
of the inorganic constituents of ash shifts the distribution of products in 
pyrolytic studies [20,21]. Since the percentage of ash increases in the finer 
matrix particles [22], one must devise a way to selectively exclude the 
majority of this ash without chemically altering the remaining peat. 

Many studies of peat employ alkaline extraction and acid hydrolysis 
procedures [23-29]. The organic samples obtained cannot, however, be 
assumed to be quantitatively extracted and, in addition, many contain 
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artifacts originating from the extraction and/or hydrolysis steps [4]. It was 
therefore decided that extraction procedures would not be performed on the 


samples during preparation. Instead, whole powdered peat samples were 
used. 


EXPERIMENTAL 
Sample collection 


Peat samples were selected from cores collected at four sites located along 
a 20 km traverse across a peat deposit in Jambi, South Sumatra, Indonesia 
(Figs. la and b). This deposit was selected because it is thick (up to 7 
meters), extensive (covering an area of at least 400 km’), and consists of very 
woody peat. Vegetation at the surface of the deposit consists of a dense 
angiospermous peat forest except in the vicinity of core JE where tall grasses 
and palm-like vegetation occur (readers are referred to Cameron et al. [30] 
and Anderson [31] for a detailed species list). This deposit was interpreted to 
have begun as an abandoned channel fill followed by paludification to the 
northwest and the establishment of a dense peat forest as the coast line 
prograded. 

Cores were collected in continuous 50 cm intervals down to the underly- 
ing clay substrate using an Eykelkamp Edelman auger. Peat cores were 
immediately placed in poly(vinyl chloride) (PVC) tubing and sealed with 
aluminum foil before air shipment to the laboratory where they were stored 
under refrigeration. 

The physical properties of this peat have been previously described [32]. 
The field descriptions show that the more decomposed sapric peats occur at 
the top and bottom margins of the deposits, whereas the less decomposed 
hemic and fibric peats occur in the central portions of the deposit. All peat 
types contain various amounts of wood fragments. 


Sample preparation 


Initially 25 samples, representative of the various peat types, were selected 
from the cores for particle size analysis. Samples were first vacuum dried 
and then separated into three size fractions using a #10 (2 mm) and a #120 
(0.25 mm) mesh sieve. The distribution, between peat types, of the particle 
size fractions is shown in Fig. 2. The coarse fraction (Size 1, >2 mm) 
consisted of wood, bark fragments, and rootlets with some leaves present in 
the bottom of core JB; the medium fraction (Size 2, 0.25—2.0 mm) consisted 
of fragmented plants; and the fine fraction (Size 3, < 0.25 mm) consisted of 
particulate plant material difficult to distinguish as botanical entities. Of the 
25 samples, 3 size fractions for each of 9 samples (total 27) were selected for 
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Fig. 1. (a) Map showing location of transect across peat deposit in Jambi province, Sumatra, 


Indonesia. (b) Cross section of peat deposit near Jambi showing the variability in the peat 
profile. 
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Fig. 2. Distribution of particle size fractions between peat types in the Jambi deposit. 
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chemical analysis by pyrolysis-GC/FTIR/FID and pyrolysis-GC/MS. 
Samples came from two cores, JE and JI, and encompassed the variety of 
peat types occurring within the deposit. 


CHEMICAL ANALYSIS 
Pyrolysis—GC / FTIR / FID 


Samples were analyzed using a Hewlett-Packard Model 5880A capillary 
gas chromatograph equipped with a flame ionization detector (FID), which 
was maintained at 300°C. The apparatus and technique are described in 
detail in Durig et al. [19]. A Digilab Model FTS-14C Fourier transform 
interferometer was interfaced to the gas chromatograph using a Digilab 
lightpipe assembly (maintained at 250°C) and a liquid nitrogen-cooled 
MCT (HgCdTe) detector. Spectra were obtained from 3200 to 700 cm™! at 6 
cm7! resolution. FID signals were processed with a Hewlett-Packard Model 
5880 series GC integrator. Total peak areas were integrated for each run, 
and a percentage of the total was reported for each eluting peak, thereby 
giving a normalized area for each compound. 

A Chemical Data Systems Model 120 coil Pyroprobe equipped with 0.25 
inch quartz sample cups was used to pyrolyze the 30 wg powdered peat 
samples at a set temperature of 555°C for 5 seconds with an infinite ramp. 
The samples were loaded into the cups by statically charging a pulled glass 
rod, and then dipping the tip of the rod into the vials containing the 
powdered peat samples. By this method, we hoped to leave most of the 
heavier ash particles in the vial, while selectively removing the peat. An 
in-line rotary valve / liquid nitrogen cold trap interface introduced the pyrol- 
ysis vapors into the GC column head. Because the operation of this system 
has been previously described [19], it will not be discussed here other than to 
say that the primary purpose of this system is cryogenically to enhance the 
efficiency of the gas chromatograph. This, in turn, drastically reduces the 
time needed to separate over 200 pyrolysis products. 

The GC column used was a J& W Scientific DB-1701 column (30 m x 0.32 
mm I.D.), with 1 ym film thickness. The GC oven programme used was as 
follows: an initial oven temperature of 30°C held for 2 min; a 20°C/min 
ramp to 175°C held for 0 min; and finally a 10°C/min ramp to 240°C 
held for 5 min. A post value of 280°C for 5 min served to bake out the 
column after each run. A column flow-rate of 1.7 ml/min and a split flow of 
3.0 ml/min were maintained. 


Pyrolysis—GC / MS 


Six of the Jambi samples were analyzed on a Finnigan 4021 gas chro- 
matograph/ quadrupole mass spectrometer equipped with a Finnigan 4521 
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TABLE 1 


Complete list of identified compounds along with their MS scan numbers by combined 
pyrolysis-GC/FTIR/FID and pyrolysis-GC/MS studies 





MS scan Compound 
number 





92 carbon oxydesulphide 

100 2-butene 

115 2-pentene 

127 furan 

138 2-propenal 

144 2-propanone 

152 2-methyl-1-pentene 

161 2,5-dihydrofuran 

169 propenoic acid 

178 2-methylfuran 

188 3-methylfuran 

202 hexene 

217 2-heptene 

224 benzene 

241 hydroxyacetaldehyde 

245 pentan-3-one 

251 2,5-dimethylfuran 

259 2-butenal 

261 dimethylfuran 

271 pentenone 

277 2-vinylfuran 

283 2-ketobut-3-enal 

292 2-octane 

298 3-hydroxypropanal 

304 toluene 

308 2-propyn-1-ol 

312 N-methylpyrrole 

319 2-methyl-5-ethylfuran 

324 pyridine 

329 acetic acid 

338 cyclopent-3-en-1-one 

345 2,4-pentonedione 

347 5-hexen-2-one 
benzyl alcohol 
2,4-(3H,5H)furanaline (T) 
3-hydroxybutan-1-one 
cyclopentanone 
ethylbenzene 
o-xylene 
furan-3-one 
m / p-xylene 
ethenylbenzene 
2-furaldehyde 
2-nor-propylfuran 
3-hydroxybutan-1-one 
5-methylfuran-3-one 








TABLE 1 (continued) 





MS scan Compound 
number 


436 1,3-benzenediol 

453 ethyl-methylbenzene 

467 2-methyl-4-pyrimidinone 

473 5-methyl-2-furanone 

478 acetophenone 

484 5-methyl-2-furaldehyde 

490 unknown XYL 

496 2-methyl-2-cylopenten-1-one 

501 1-penten-3-one 

514 4-hydroxy-5,6-dihydropyran-2-one 
525 pyran-2,5-dione 

528 2-hydroxy-3-methyl-2-cyclopenten-1-one 
536 phenol 

546 methyldihydrobenzofuran 

550 guaiacol 

555 methylindene 

561 o-cresol 

567 2-furfuryl-hydroxymethyl ketone 
S75 2-methyl-3-hydroxy-4H-pyran-4-one 
578 p-cresol 

584 guaiacylmethane (isomer) 

590 4,7-dimethylbenzofuran 

602 1,2-dimethoxybenzene 

602 methylguaiacol 

625 ethylguaiacol 

627 ethenylguaiacol (isomer) 

635 ethylguaiacol 

639 C, phenol 

646 ethylguaiacol 

650 unknown PS (MW 116) 

666 1,4: 3,6-anhydro-a-D-glucopyranose 
671 m / p-vinylphenol 

678 vinylguaiacol 

691 eugenol 

695 5-(hydroxymethyl)-2-furancarboxyaldehyde 
705 syringol 

714 2-methoxy-6-(1-propenyl)phenol 
HP-5, cis-isoeugenol 

731 syringol (isomer) (T) 

735 3-ethanol-phenol (T) 

743 1,4-dideoxy-D-glycero-hex-1-enopyranos-3-ulose 
153 trans-isoeugenol 

757 methylsyringol 

771 vanillin 

780 2,6-dimethyl-3(2H)-benzofuranone 
786 unknown guaiacyl isomer (MW 162) 
801 ethylsyringol 

804 branched tetradecane 








(Continued on p. 12) 
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TABLE 1 (continued) 





MS scan Compound 
number 





813 4-hydroxy-3-methoxybenzoic acid 

819 acetovanillone 

824 guaiacylpropanaldehyde 

837 ethenylsyringol 

843 isomer of guaiacylpropanone 

847 guaiacylpropan-2-one 

852 4-hydroxyacetophenone 

860 diethyl phthalate 

869 isomer of guaiacylpropanaldehyde 

878 3-hydroxy-1-(4-hydroxy-3-methoxy-phenyl)-1-propanone 





EI source operated at 70 eV. A standard CDS GC interface (Model 
3A01-0000) was connected to the injection port liner, and the GC column 
was fed up into the interface. The column used was a J&W Scientific 
DB-1701 column (25 m X 0.25 mm I.D.) with a 0.5 um film thickness. The 
injection port and interface were maintained at 300°C, and the oven and 


Pyroprobe temperature programmes were the same as in the pyrolysis-GC/ 
FTIR/FID experiments. 


RESULTS 


Identification of the 107 compounds listed in Table 1 was accomplished 
by comparing the FTIR and mass spectra with EPA and NBS libraries, 
respectively, and by comparisons with literature references [8,10,28,33—39]. 
A typical FID chromatogram, that of a sample 100 cm deep, size fraction 1 
in the JB hole, is shown in Fig. 3. For this study, it was decided to monitor 
only those compounds whose average normalized FID response was greater 
than 0.300%. This, we felt, would eliminate many of the non-linearities 
encountered by integrating peaks at or near baseline levels. With this as a 
criterion, we monitored the 57 compounds listed in Table 2 along with their 
respective GC/FTIR/FID retention times and origins, as determined from 
literature sources [13,20,27,33,35]. The total area of the 57 peaks ranged 
from 95 to 75% of the total FID area for these runs. The FID area for each 
compound was obtained by averaging the response of duplicate runs. Since 
the response of a FID is essentially linear over six orders of magnitude [36], 
it was assumed that linearity held for the range of concentrations involved in 
this study. In addition, because no quantitative determinations were being 


made between different compounds, the response factor of each compound 
could be neglected. 






























































MINUTES 
Fig. 3. FID chromatogram of a 100 cm deep, size fraction 1 peat sample from the JB hole. 


In order to determine the differences in the pyrolysis products for each 
size fraction, each hole was initially considered separately. The normalized 
FID response for each compound was plotted for each size fraction in every 


sample. Based upon these plots, a classification scheme was devised which 
grouped those compounds with similar trends between particle size frac- 
tions. In Scheme 1, compounds were concentrated in the coarse size frac- 
tions, as represented by the particle size fraction plot of 5-methyl-2-fur- 
ancarboxaldehyde in the JE hole, shown in Fig. 4. In Scheme 2, compounds 
showed no distinct or recognizable trends, as represented by the particle size 


JAMBI JI 9.48 
5-METHYL-2-FURANCARBOXALDEHYDE 


a SIZE1 
e SIZE2 
a SIZE3 


RELATIVE FID 
RESPONSE 








T T 


2 4 
SAMPLE DEPTH 
Fig. 4. Scheme 1, in which compounds are concentrated in the coarse size fraction, as 


represented by the particle size fraction plot of 5-methyl-2-furancarboxaldehyde in the JE 
hole. Sample depth is recorded in 0.5 meter increments. 
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TABLE 2 


List of the 57 compounds and their origins which were monitored for particle size fraction 
concentration changes 





FID Compound Origins * 
ret. time 


1.16 2-butene 

1 Wy furan 

2.20 2-propenal 

2.42 2-propanone 

2.64 2-methylpent-1-ene 

3.50 2-methylfuran PS 

4.19 benzene LIG 

5.01 toluene LIG BIOD 

5.15 N-methylpyrrole EXT 

3:32 pyridine 

5.47 acetic acid XYL/PS 

6.11 cyclopent-3-en-1-one 

6.83 ethylbenzene LIG BIOD 

Te furan-3-one HEX 

7.88 ethylbenzene LIG BIOD 

8.06 2-furaldehyde 

8.50 3-hydroxybutan-1-one 

8.68 5-methylfuran-3-one 

8.92 1,3-benzenediol 

9.19 ethyl-methylbenzene LIG BIOD 

9.48 5-methyl-2-furancarboxaldehyde PS 

9.70 2-methyl-2-cyclopenten-1-one PS 

9.82 1-penten-3-one PS 
10.02 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one PENT 
10.18 cyclopenten-1-one HEX 
10.25 phenol LIG BIOD 
10.60 methyldihydrobenzofuran SPHAG 
10.67 guaiacol GLIG 
11.10 2-methyl-3-hydroxy-(4H)-pyran-4-one HEX 
11.19 p-cresol PP/LIG BIOD 
11.30 isomer of guaiacylmethane G LIG 
11.38 4,7-dimethylbenzofuran 
1.73 1,2-dimethoxybenzene PP/MOD LIG 
Us ety guaiacylmethane GLIG 
11.90 ethylguaiacol (isomer) GLIG 
12.08 ethylguaiacol (isomer) GLIG 
12.59 ethylguaiacol (isomer) GLIG 
12.85 unknown PS peak (T) PS 
12.96 m / p-vinylphenol LIG/MOD LIG 
13.03 guaiacylethene GLIG 
13.24 eugenol GLIG 
13:59 5-hydroxymethyl-2-furancarboxaldehyde PS 
13.78 syringol SLIG 
13.99 2-methoxy-6-(1-propenyl)phenol GLIG 
14.12 cis-isoeugenol G LIG 
14.24 isomer of syringol (T) SLIG 











TABLE 2 (continued) 





FID Compound Origins * 
ret. time 





14.29 1,4-dideoxy-D-glycero-hex-1-enopyranos-3-ulose HEX 
14.71 trans-isoeugenol GLIG 
14.80 methylsyringol S LIG 
| Hl vanillin LIG 
15.29 2,6-dimethyl-3-(2H)-benzofuranone 

15.41 unknown guaiacyl isomer (MW 162) GLIG 
15.63 ethylsyringol SLIG 
15.74 branched tetradecane 

16.03 acetovanillone LIG 
16.13 isomer of guaiacylpropanaldehyde GLIG 
16.33 ethenylsyringol SLIG 
16.54 guaiacylpropan-2-one G LIG 
16.61 4-hydroxyacetophenol LIG 
17.92 1,2-propanediol PS 
18.10 glycerine PS/HEX 





* Abbreviations used: LIG BIOD, lignin biodegradation products; PS, polysaccharide; 
HEX, hexosan; XYL, xylan; PENT, pentosan; EXT, extensin; SPHAG, sphagnum, G LIG, 
guaiacyl-derived lignin; S LIG, syringyl-derived lignin; LIG, lignin; PP, polyphenol; MOD 
LIG, modified lignin; T, tentative assignment. 


fraction plot of furan in the JI hole, shown in Fig. 5. In Scheme 3, 
compounds were concentrated in finer size fractions, as represented by the 
particle size fraction plot of ethyl benzene in the JI hole, shown in Fig. 6. 
These classification schemes helped to show changes in the chemical com- 
positions from the coarse to the fine size fractions. In addition, each size 


JAMBI JL1.71 
FURAN 


a SIZE1 
e SIZE2 
gs SIZE3 


RELATIVE FID 
RESPONSE 








34 
SAMPLE DEPTH 
Fig. 5. Scheme 2, in which compounds show no distinct trends between particle size fractions, 


as represented by the particle size fraction plot of furan in the JI hole. Sample depth is 
recorded in 0.5 meter increments. 
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Fig. 6. Scheme 3, in which compounds are concentrated in the fine size fraction, as 


represented by the particle size fraction plot of ethylbenzene in the JI hole. Sample depth is 
recorded in 0.5 meter increments. 
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Fig. 7. Fanning open effect, as represented by the particle size fraction plot of furan-3-one in 
the JI hole. Sample depth is recorded in 0.5 meter increments. 


JAMBI JI 13.03 
GUATACYLETHENE 








SAMPLE DEPTH 


Fig. 8. Fanning close effect, as represented by the particle size fraction plot of guaiacylethene 
in the JI hole. Note: size fractions 2 and 3 have same value at sample depth 6. Sample depth 
is recorded in 0.5 meter increments. 
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fraction was plotted against depth to examine downhole trends. The down- 
hole plots, such as Figs. 4 and 6, show that similar trends do occur within 
size fractions between samples of increasing decomposition. 

Another interesting downhole trend is that of ‘fanning open’ or ‘fanning 
closed’. This particular trend is characterized by increasing (‘open’) or 
decreasing (‘closed’) absolute differences between the size fraction con- 
centrations with increasing depth. An example of the ‘fanning open’ effect is 
shown in Fig. 7, which is the particle size fraction plot of furan-3-one in the 
JI hole. The opposite effect, a ‘fanning closed’ phenomenon, is shown in Fig. 
8, which is the size fraction plot of guaiacylethene in the JI hole. 


DISCUSSION 


Diagram 1 shows the breakdown of peat pyrolysis products which the 
authors used to trace the origins of the numerous pyrolysis products. In 
general, the lignin-derived products could be broken down into a guaiacyl- 
derived lignins, syringyl-derived lignins, lignin biodegradation products, and 
other miscellaneous lignin products. The cellulose derived products could be 
broken down into polysaccharides, hexoses, and other sugars. These classifi- 
cations were then used to interpret size fraction trends within each category. 


JE hole 


The distribution of pyrolysis products among the three classification 
schemes for the JI hole are shown in Table 3. If one considers the origins of 
the pyrolysis products, some interesting trends become apparent. Of the 
lignin biodegradation products, most of the compounds with a phenolic 
substituent, i.e. phenol and vinylphenol, are more concentrated in the finer 
fractions, with only p-cresol more concentrated in the coarse size fractions. 
However, those compounds with a benzene substituent, i.e. toluene, 
ethylbenzene and ethyl-methylbenzene, are more concentrated in the coarse 
fractions. Only ethylbenzene is more concentrated in the finer size fractions. 
Benzene itself shows no clear trend, but this result could be affected by the 
fact that Pyroprobes appear to produce benzene during pyrolysis [37]. 

Of the guaiacyl-derived lignin products, the only clear trend occured in 
guaiacyl products with an alkyl side chain of propyl length, ie. guaia- 


WHOLE PEAT 





] 
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T | I i 
BIODEGRADATION GUAIACYL SYRINGYL OTHER POLYSACCHARIDE HEXOSE OTHER 














Diagram 1. Product distribution chart used to classify the origins of the pyrolysis products. 
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TABLE 3 


Distribution of compounds in three classification schemes for the JE hole 





1 


2 


3 





Lignin biodegradation 
toluene 
ethenylbenzene 
p-cresol 


Guaiacyl lignin 
guaiacol 
ethylguaiacol 
guaiacylethene 
eugenol 
trans-isoeugenol 


Syringyl lignin 
syringol 
methylsyringol 


Other lignin 


Polysaccharides 

2-furaldehyde 

5-methyl-2-furancar- 
boxaldehyde 

unknown PS 

5-hydroxymethyl-2-furan- 
carboxaldehyde 


Hexoses 

furan-3-one 

2-hydroxy-3-methyl-2- 
cyclopenten-1l-one 

2-methyl-3-hydroxy-(4H)- 
pyran-4-one 

1,4-dideoxy-D-glycerohex- 
1-enopyranos-3-ulose 


Other sugars 

N-methylpyrrole 

4-hydroxy-5,6-dihydro- 
(2H)-pyran-2-one 


benzene 
ethyl-methylbenzene 


guaiacylmethane 
ethylguaiacol (isomer) 
ethylguaiacol (isomer) 
2-methoxy-6-(1-pro- 
penyl)phenol 
cis-isoeugenol 


syringol (isomer) 
syringylethene 


1,2-dimethoxybenzene 
1,3-benzenediol 


furan 

2-methylfuran 
3-hydroxybutan-1-one 
1-penten-3-one 
1,2-propanediol 
glycerine 


5-methylfuran-3-one 


ethylbenzene 
phenol 
m / p-vinylphenol 


vanillin 

acetovanillone 
guaiacylpropanaldehyde 
guaiacylpropan-2-one 


ethylsyringol 


4-hydroxyacetophenone 
acetic acid 


2-methyl-2-cyclopenten- 
1-one 





cylpropanaldehyde and guaiacylpropan-2-one. These compounds were more 
concentrated in the finer size fractions, while those with an alkyl side chain 
of ethyl or less, i.e. guaiacylethane, guaiacol, and guaiacylethene, were more 
concentrated in the coarse size fractions. In addition, vanillin and 
acetovanillin were more concentrated in the finer size fractions. The syrin- 
gyl-derived lignin products, syringol (isomer) and ethylsyringol, were more 
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concentrated in the finer size fractions, whereas syringol was more con- 
centrated in the coarse size fractions. 

From the remaining lignin-based products, 4-hydroxyacetophenone was 
more concentrated in the finer size fractions, whereas 1,2-dimethoxybenzene 
and 1,3-benzenediol had no evident trends. 

The polysaccharide-derived products are generally more concentrated in 
the coarse size fractions. Among those polysaccharides, the pyrolysis prod- 
ucts that have furancarboxaldehyde substituents, i.e. 5-methyl-2-furan- 
carboxaldehyde and 5-hydroxymethyl-2-furancarboxaldehyde, are more con- 
centrated in the coarse size fractions, whereas the simple furans, i.e. furan 
and 2-methylfuran, appear to have no trend with respect to the various size 
fractions. 

All of the hexoses, including furan-3-one, 2-hydroxy-3-methyl-2-cyclo- 
penten-l-one, 2-methyl-3-hydroxy-(4H)-pyran-4-one, and 1,4-dideoxy-p- 
glycerohex-1-enopyranose-3-ulose are more concentrated in the coarse size 
fractions. The extensin product, N-methylpyrrole, and the pentose product, 


4-hydroxy-5,6dihydro-(2H)-pyran-2-one, are also more concentrated in the 
coarse size fractions. 


JI hole 


The distribution of pyrolysis products among the three classification 
schemes for the JI hole is shown in Table 4. Most of the lignin biodegrada- 
tion products, such as toluene, ethylbenzene, ethylmethylbenzene and p- 
cresol are more concentrated in the coarse size fractions, whereas ethylben- 
zene, phenol, and m/p-vinylphenol are more concentrated in the finer size 
fractions. 

The guaiacyl-derived lignin products were again evenly distributed 
throughout the three classification schemes, with the longer chained alkyl 
side groups being more concentrated in the finer size fractions. The 
syringyl-derived lignin products became more concentrated in the coarse size 
fractions, whereas the other lignin-derived products, 1,3-benzenediol and 
4-hydroxyacetophenone had no distinguishable trend. 

The polysaccharide products are more concentrated in the coarse size 
fractions with the same trends seen for the simple furans and furan- 
carboxaldehydes as in the JE hole. The hexose-derived products are all more 
concentrated in the coarse size fractions, as was seen in the JE hole. The 
pentosan product, 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one, became even 
more concentrated in the coarse size fractions, whereas the lone extensin 
product, N-methylpyrrole, had no apparent trend. 


Overall 


Between the two holes, excellent agreement was seen for almost all the 
compounds among the classification schemes. From the detailed comparison 
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TABLE 4 


Distribution of compounds in three classification schemes for the JI hole 





1 


2 


3 





Lignin biodegradation 
toluene 
ethenylbenzene 
ethyl-methylbenzene 
p-cresol 


Guaiacyl lignin 
guaiacol 
guaiacylmethane 
ethylguaiacol 
ethylguaiacol (isomer) 
guaiacylethene 
eugenol 
trans-isoeugenol 


Syringyl lignin 
syringol 
methylsyringol 


Other lignin 
1,2-dimethoxybenzene 


Polysaccharides 
2-furaldehyde 
5-methyl-2-furancar- 

boxaldehyde 
unknown PS 
5-hydroxymethyl-2-fu- 

rancarboxaldehyde 
glycerine 


Hexoses 

furan-3-one 

1,4-dideoxy-D-glycerohex- 
1-enopyranos-3-ulose 


Other sugars 
4-hydroxy-5,6-dihydro- 
(2H)-pyran-2-one 


benzene 


guaiacylmethane (isomer) 

2-methoxy-6-(1-propenyl)- 
phenol 

cis-isoeugenol 

vanillin 

guaiacylpropan-2-one 


syringol (isomer) 
syringylethene 


1,3-benzenediol 
4-hydroxyacetophenone 


furan 

2-methylfuran 

3-hydroxybutan-1-one 

2-methyl-2-cyclopenten- 
1-one 

1-penten-3-one 


5-methylfuran-3-one 
2-hydroxy-methyl-2- 
cyclopenten-1-one 
2-methyl-3-hydroxy- 
(4H)-pyran-4-one 


N-methylpyrrole 


ethylbenzene 
phenol 
m / p-vinylphenol 


ethylguaiacol (isomer) 
acetovanillone 
guaiacylpropanaldehyde 


ethylsyringol 


acetic acid 
1,2-propanediol 





of the data between the two holes, overall trends emerge between the coarse 
and finer size fractions. The lignin biodegradation products are slightly more 
concentrated in the coarse size fractions. Of the lignin biodegradation 
products, the benzene substituent products are more concentrated in the 
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coarse size fractions, whereas the phenol substituent based products are 
more concentrated in the finer size fractions. 

The majority of the guaiacyl-derived lignin products were more con- 
centrated in the coarse size fractions with an alkyl side chain length 
dependence. The propyl side chain guaiacyl products, guaiacylpropanalde- 
hyde, and guaiacylpropan-2-one, were more concentrated in the finer size 
fractions, while the methyl and ethyl side chain guaiacyl products were 
slightly more concentrated in the coarse size fractions. While there was no 
overall syringyl-derived lignin trends, there was again a side chain depend- 
ence, with the longer chained ethyl-syringyl products being more con- 
centrated in the finer size fractions, whereas the finer alkyl side chain 
syringyl products were more concentrated in the coarse size fractions. 

The remaining lignin-derived products, e.g. vanillin, acetovanillone, and 
4-hydroxyacetophenone, were more concentrated in the finer size fractions 
for both holes. At least two theories exist to explain why certain lignin 
pyrolysis products are more concentrated in the finer size fractions. As the 
lignocellulosic polymer is broken down into its component parts by degrada- 
tion processes, some of the parts become biochemically altered. For exam- 
ple, vanillin, a lignin oxidation product, is residually concentrated in the 
finer size fractions. In the second theory, physically cleaved but chemically 
resistant components of the lignin cell polymer are concentrated in the fine 
size fractions. For example, those lignin products with a longer side chain, 
e.g. guaiacylpropan-2-one, might be more resistant to degradative processes 
than that of guaiacol. These theories deserve further investigation, and 
should be the subject of future publications from these authors. Altogether, 
the lignin-derived products, being aromatic in nature, showed a fairly even 
distribution throughout the size fractions, which is in agreement with Oades 
et al. [4], who saw a slight decrease in aromaticity in going from a particle 
size of 1.0 ym to a 1000 um particle size. 

The polysaccharide products are more concentrated in the coarse size 
fractions, as was seen by Ryan and her studies of the Florida Everglades, 
and Okefenokee Swamp peats [3], with acetic acid being the only exception. 
However, acetic acid could have a variety of origins [13,33] and, for this 
reason, should not be considered as being derived solely from polysac- 
charide. All of the hexoses are more concentrated in the coarse size frac- 
tions. Taken together, the polysaccharide and hexose results compare well 
with the study by Oades et al. [4], which reported a decreasing amount of 
carbohydrates in particles from 1000 to 1.0 um with CPMAS °C NMR data 
of particle size fractions from an Urrbrae fine sandy loam. This could also 
be supported by the fact that these matrix particles are likely the product of 
degraded coarse plant fragments and, therefore, probably reflect a higher 
degree of humification than the coarse particle sizes from the same depth 
[38]. Since it is well known that cellulose is one of the first components 
degraded by microbial organisms [39-41], it is highly likely that very little 
cellulose would remain in these smaller particles. 
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TABLE 5 


Special trends associated with compounds from both JE and JI hole 





JE hole JI hole 





Fanning open Fanning close Fanning open Fanning close 





2-ketobutan-1-ol benzene furan-3-one 2-methylpent-1-ene 
p-cresol ethylbenzene 2-furaldehyde benzene 
isomer of syringol ethenylbenzene phenol N-methylpyrrole 
branched tetradecane _ethyl-methylbenzene guaiacol 3-hydroxybutan-1l-one 
glycerine 4-hydroxy-5,6-dihydro- _p-cresol 1,3-benzenediol 
(2H)-pyran-2-one ethylguaiacol 
2-methyl-3-hydroxy- etheneguaiacol 
(4H)-pyran-4-one 
ethylsyringol 
guaiacolpropanaldehyde 





The distribution of those compounds with no determined origin is shown 
in Table 5. For these compounds, several chemical trends are evident. Those 
compounds with an unsaturated C—C bond, such as 2-butene, cyclopent-3- 
ene-l-one and 2-methylpent-l-ene, were more concentrated in the larger size 
fractions at all depths for both holes. Finally, the benzofurans, such as 


2,6-dimethyl-3(2H)-benzofuranone and 4,7-dimethylbenzofuranone, which 
have been identified as possible lignin biodegradation products, were evenly 
distributed between size fractions, and no trend was seen for either com- 
pound. 


Fanning 


Table 5 shows fanning open and fanning closed trends observed in the JE 
and JI holes. Two of the polysaccharide products, glycerine and 2-fural- 
dehyde, fan open whereas 3-hydroxybutan-l-one fans open in the JE hole 
and fans close in the JI hole. The other cellulose-derived compounds, such 
as 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one, 2-methyl-3-hydroxy-(4H)- 
pyran-4-one, and N-methylpyrrole, fan close. Of the sugars, only furan-3-one, 
a hexose-derived product, fans open. 

The lignin biodegradation products with a benzene substituent, i.e. ben- 
zene, ethylbenzene, ethenylbenzene, and ethyl-methylbenzene, fan close. The 
lignin biodegradation products with a phenol substituent, i.e. p-cresol and 
phenol, fan open. The guaiacyl- and syringyl-lignin-derived products once 
again show an alkyl side chain length dependence. Those products with a 
longer side chain, i.e. guaiacylpropanaldehyde, ethylguaiacol, ethenylguaia- 
col, and ethylsyringol fan close. Those products with a shorter side chain, i.e. 
syringol (isomer) and guaiacol, fan open. 





CONCLUSIONS 


The application of pyrolysis-GC/FTIR/FID and pyrolysis-GC/MS 
can be a powerful technique for the analysis of particle size fractions of 
woody peats. By analyzing these particles separately, we gain a greater 
understanding of the degradation processes involved in the humification of 
these peats. The information yielded by these studies, combined with petro- 
graphic and downhole analysis by combined pyrolysis studies [42], should 
enable a more complete mapping of the geochemical processes of these 
highly acidic and anaerobic peat deposits. 

Knowing that classes of compounds concentrate differently into the three 
size fractions should enable reconstructions of the chemistry of these par- 
ticles and, hence, the peat types which are a combination of varying 
amounts of these particles. 

The least decomposed fibric peats, dominated by coarser, well preserved 
plant parts (i.e., rootletss and wood fragments), retain much of their original 
lignocellulose character. The polysaccharide, hexose, pentose, and extensin 
character is well preserved, with a high furancarboxyaldehyde character in 
the polysaccharide fractions. Most of the lignin biodegradation products 
that are present have a benzene substituent, and usually possess a small 
alkyl side chain. The guaiacyl- and syringyl-based lignins are usually al- 
cohols, and typically have either an ethyl or methyl alkyl side chain. There 
are little or no oxidized lignin products, and there is some unsaturated 
hydrocarbon character. 

The hemic peats, which contain a mix of the fine, medium, and coarse 
particles, represent a transitory phase of peatification. The chemical com- 
position of this peat therefore represents a stage between the fibric and 
sapric peats. The polysaccharide fraction is starting to degrade, and the 
hexose, pentose, and extensin character is rapidly disappearing. The lignin 
biodegradation products are a mix of phenolic- and benzene-based products, 
with some lignin oxidation products beginning to appear. The guaiacyl and 
syringyl lignins are a mix of methyl-, ethyl- and propyl-side chained lignins. 


TABLE 6 


Distribution of those compounds with no determined origin, for both JE and JI holes, in the 
three classification schemes 





1 2 3 


2-butene 2-propenal 2-propanone 
2-methylpent-1-ene 2,6-dimethyl-(2H)-benzofuranone 
cyclopent-3-ene-1-one 4,7-dimethylbenzofuranone 

pyridine 

branched tetradecane 
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The sapric, or more decomposed peats, contain a majority of the finer 
particles and, therefore, reflect a greater degree of decomposition. These 
peats have little remaining polysaccharide character, with even less hexose, 
pentose, and extensin character. The lignin biodegradation products are 
mostly phenolic, and there is a rapid increase in the concentration of 
oxidized lignins. Propyl and ethyl side chains dominate the guaiacyl- and 
syringyl-derived lignins. In addition, the syringyl-derived products are less 
concentrated, as a whole, than they were in the fibric peats. 
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ABSTRACT 


Digested, thermally conditioned and dried sewage sludge has been pyrolyzed in an 
indirectly heated fluidized bed reactor at temperatures ranging from 620°C to 750°C. A 
quantity of up to 40 kg of sewage sludge per hour has been converted into pyrolysis gas, oil, 
product water and carbonaceous residues in a continuously working pilot plant. 

The pyrolysis gas has a calorific value of approximately 23 MJ/m’. The main constituents 
of the pyrolysis gas are hydrogen, methane, ethane, ethene and propene as well as carbon 
monoxide and carbon dioxide. 


The oil fraction yielded contains up to 30% aromatic compounds. The heavy metals from 
the sewage sludge become to a large extent enriched in the solid residue on account of the 
reducing conditions of the pyrolysis process. 


Fluidized beds; pyrolysis; sewage; sludges, sewage; waste water. 


INTRODUCTION 


More elaborate and refined purification methods in the treatment of 
communal and industrial crude waste water are leading to a continuous 
increase of the amount of sewage sludge to be processed. The expected 
annual amount of sludge is estimated to rise up to 320-430 mio m’ in the 
EC in 1990 [1]. This demonstrates the whole problematic nature of the 
disposal and utilization of sewage sludge. At present, the sewage sludge is 
distributed as follows [2]: 

— agriculture + decomposition 32% 
— sanitary landfill 59% 
— incineration 9%. 

The utilization of sewage sludge as fertilizer seems to be reasonable, 
especially as the biological matter and its degradation products could be 
used as a new nutrient substrate. But, meanwhile, the use of agricultural 
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purposes has repeatedly been restricted because of the harmful components 
in the sewage sludge, such as heavy metals, polyaromatic hydrocarbons and 
polychlorinated biphenyls. 

There are certain requirements to be met prior to the deposition of sewage 
sludge in landfills, such as dehydration, stabilization and deodorization 
having as their intent the avoidance of any kind of emission. In addition, 
neither the biological potential nor the chemical energy content are suffi- 
ciently exploited. In future, deposition of sewage sludge will be made more 
difficult as a result of a decreasing deposition capacity on the one hand and 
the increasing cost of deposition on the other. 

Thermal conversion processes, such as combustion or pyrolysis, offer 
alternative waste disposal concepts. The combustion process yields a consid- 
erable amount of sulphur oxides and nitrogen oxides owing to the fact that 
sewage sludge contains sulphur and nitrogen compounds. Expensive precau- 
tions as regards flue gas purification have to be taken for the purpose of 
running combustion plants on an environmentally tolerable scale. In ad- 
dition to that, problems arising from the increased elution capability of 
heavy metals out of the ashes produced from the oxidizing treatment have to 
be solved. 

The pyrolysis of sewage sludge according to the Hamburg Process [3] 
seems to be advantageous as regards the minimization of emission due to a 
closed gas cycle in connection with an indirectly heated fluidized bed and 
the reduced volume of the depyrolyzed sewage sludge. The gain of gas and 
oil as well as the incorporation of heavy metals in the pyrolysis residue are 
facts in favour of the environmentally tolerable utilization [4,5] of the energy 
potential of sewage sludge. 


APPARATUS AND RESULTS 
The pilot plant 


Fig. 1 shows the basic flow scheme of the fluidized bed pilot plant by 
means of which the pyrolysis of digested sewage sludge has been investi- 
gated. 

The core of the plant is an indirectly heated fluidized bed, 450 mm in 
diameter. Right at the start of the pyrolysis, the fluidization material 
consists of quartz sand with particle sizes between 0.3 and 0.7 mm. In the 
course of the run the sand is gradually replaced by depyrolyzed sewage 
sludge. In order to ensure a constant height of the fluidized bed of ap- 
proximately 650 mm during continuous input of sewage sludge an overflow 
vessel has been attached to the reactor. 

Next to the reactor, a cyclone separates carbon and solid particles from 
the product gases. The cyclone is followed by three quench coolers where the 
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Fig. 2. Mean composition of the sewage sludge and the organic dry matter according to DIN 
38.414 T3. 


pyrolysis oils are subsequently quenched. At the end of the third cooler the 
temperature goes down to 0-5°C. During the last condensation stage the 
product gas is freed from aerosols and entrained droplets in an electrostatic 
precipitator. The gas is then conveyed into five membrane compressors, 
connected in parallel, and stored in three gas tanks. One portion of the gas is 
used to fluidize the sand bed, whereas the rest of the gas may be used as fuel 
for the radiation heating tubes, thus allowing the plant to operate autother- 
mally. 


Feed stock 


The feed stock for the pyrolysis experiments consisted of digested, ther- 
mally conditioned and dried sewage sludge originating from the Alfeld 
Community purification plant, Alfeld/ Leine (F.R.G.). The water content of 
the sludge was very low, being 5—6% by mass, which was a result of the 
preceding thermal treatment [6]. This was the reason why the sludge was fed 
into the pyrolysis plant without any further drying steps. The size of the 
granules supplied ranged between 0.5 and 1.5 mm in diameter. Fig. 2 shows 
the mean composition of the sewage sludge as it was used for the pyrolysis 
experiments. 

The pyrolysis experiments were carried out at temperatures of 620°C, 
690°C and 750°C. The sewage sludge was continuously and directly fed 
into the reactor from a silo via two screw conveyors. The conveying capacity 
was 25-40 kg/h and the whole charge of converted sludge amounted to 
more than 360 kg. The product fractions obtained consisted of gas, pyrolysis 
oil, product water, soot and pyrolysis residue. This solid residue contained 
the formed pyrolysis coke together with the inorganic fraction of the sludge. 





TABLE 1 


Product fractions of the pyrolysis of sewage sludge (% by mass of organic dry matter) 





Temperature (° C) 620 690 750 
Sludge mass (kg) 361.2 126.6 118.7 
Organic dry matter (kg) 185.5 62.9 60.0 
Product fractions (m%) 
Pyrolysis gas 22.7 30.7 40.8 
Oil 40.1 34.3 2i.1 
Product waterli 12.6 10.8 8.0 
Soot 0.8 0.8 1.9 
Pyrolysis coke 20.0 19.2 sa3 
Loss 3.8 4.2 6.8 
ry 100.0 100.0 100.0 








Table 1 shows the composition of the organic pyrolysis products obtained 
at three different reaction temperatures. The water content of the sewage 
sludge was determined according to DIN 38.414 T2 and subtracted before 
calculating the product fractions. 

The main contents of the pyrolysis gas are carbon monoxide, carbon 
dioxide, hydrogen as well as C,—C, hydrocarbons. Small amounts of carbonyl 
sulphide and hydrogen sulphide are likely to be found. The calorific value of 


the pyrolysis gas amounts to 23 MJ/m’, i.e. up to about 70% of the calorific 
value of natural gas. 

The gaseous portion of the pyrolysis products increases with rising 
temperature from 620°C to 750°C from 22.7% to 40.8%. The chief con- 
stituents, the gas densities and the calorific values of the pyrolysis gases are 
listed in Table 2. 


TABLE 2 


Chief constituents of the pyrolysis gases 





Temperature (° C) 
620 690 








Compound (m%) 

Hydrogen 2.4 2.4 
Methane 

Ethane 4.9 3.4 
Ethene 2.9 5.4 
Propene 3.8 3.0 
Carbon monoxide 

Carbon dioxide 31.5 

Y other gases 6.2 


Gas density (kg/m?) 
Calorific value (MJ/m*’) 
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TABLE 3 


Composition of the pyrolysis oil 





Compound (m%) Temperature (° C) 








C,-Hydrocarbons 
C,-Hydrocarbons 
C,-Hydrocarbons 
C,-Hydrocarbons 
C,-Hydrocarbons 
C,9-Hydrocarbons 
C,,-Hydrocarbons 
C,,-Hydrocarbons 
Cyclopentadiene 
Diels—Alder products 


L Aliphatics /naphthenes 


Benzene 

Indene 
Naphthalene 
Biphenyl 
Acenaphthylene 
Fluorene 
Phenanthrene 
Anthracene 
Fluoranthene 
Pyrene 
Chrysene/triphenylene 


x Aromatics 


Phenol 

Cresols 

Furan 

Methylfuran 
Methylbenzofurans 
Dimethylbenzofurans 


L O-containing compounds 


Acetonitrile 
Propionitrile 
Acrylonitrile 
Benzonitrile 
Methylbenzonitriles 
Naphthonitrile 
Pyrrole 
Methylpyrroles 
Pyridine 

Indole 

Quinoline /isoquinoline 
Methylquinolines 
Carbazole 








TABLE 3 (continued) 





Compound (m%) Temperature (° C) 


620 690 
L N-containing compounds 325 








L other compounds LST 
Tar /residue 75.45 
z 100.00 





The composition of the pyrolysis oils can be found in Table 3. The oil 
contains hydrocarbons and, in addition, some quantities of nitriles, phenols 
and heterocyclic compounds. With rising reaction temperature the oil yield 
decreases from 40.1% at 620°C to 21.1% at 750°C. The major portion of 
the pyrolysis oils is still tar, especially at low temperatures down to 620°C, 
amounting to 75.5%. This tar consists of substances which cannot be 
separated by distillation. The increase of pyrolysis temperature leads to a 
rising percentage of aromatic components due to progressive defunctionali- 
zation. The distillation residue contains the oil-insoluble substances as well 
as those parts of the pyrolysis coke that were included in the oil. A further 


cracking process and further utilization of these tars by means of recycling 
into the pyrolysis process and hydrogenation are under consideration. 

The product water, which is obtained by decomposition of carbohydrates 
and carboxylic acids, contains a considerable amount of ammonia as well as 
organic water-soluble substances (Table 4). 

A dominant part of chemical oxygen demand is caused by the consider- 
able content of dissolved ammonia in the pyrolysis water. The extraction of 


TABLE 4 


Composition and analytical results of the product water 





Temperature (° C) 
620 690 


pH 9.9 9.8 
NH? (g/)) 38.9 36.6 
COD (mgO, /1) 51500 


Compound (m%) 
Methanol 0.13 
Acetonitrile 1.05 
Propionitrile 0.10 
Pyrrole 0.13 
Pyridine 0.09 
Acetamide 0.02 
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Fig. 3. Pyrolysis residue containing heavy metal fractions. 


ammonia by stripping seems to be technically feasible. This may admittedly 
yield impure ammonia, still suitable enough for the catalytic removal of 
nitrogen oxides from flue gases of power plants as well as municipal solid 
waste incineration facilities. 

Investigations of the pyrolysis residues, composed of the inorganic residue 
and the pyrolysis coke, show that the heavy metals originating from the 
sewage sludge are enriched in this fraction. This enrichment holds quantita- 
tively true in the case of all relevant heavy metals except the volatile 
elements mercury and cadmium. For cadmium the pyrolysis temperature 
and the residence time are significant, whereas mercury is already volatile 
below 500°C [7]. Fig. 3 shows the pyrolysis residue containing heavy metal 
fractions after pyrolysis at 620°C. 

Elution experiments with water according to DIN 38.414 T4 resulted in 
the finding that heavy metals are evidently more strongly incorporated in 
the matrix of pyrolysis residue than in the incineration ash, produced at 
1200°C, or in the sewage sludge itself. Table 5 shows that chromium, for 


TABLE 5 
Elutions according to DIN 38.414 T4 





Element (ng/kg) Sample 





Sewage sludge Incineration Pyrolysis residue 
ash (1200 ° C) (750° C) 
Cadmium <3 
Chromium 30 
Copper 50 
Lead 50 
Nickel 25 
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instance, is more than 250-fold less liable to be eluted from pyrolysis residue 
than from incineration ash. Moreover, chromium is dissolved from ash 
essentially in the oxidation state(VI) as compared to chromium(III) from 
pyrolysis residues. 


DISCUSSION 


The investigations have shown that digested sewage sludge can be pyro- 
lyzed according to the Hamburg Process without any pretreatment. The 
gas—oil ratio is adjustable to a great extent by varying the reaction tempera- 
ture. With increasing temperature propagated cracking of the charged organic 
material with formation of small molecules and aromatic compounds can be 
observed. At the same time, it has been discovered that the spectrum of 
products can be simplified by extensive defunctionalization of the hetero- 
atomic contents of the sludge. The resulting pyrolysis gases can be exploited 
for fuel purposes, thus allowing for an autothermal operating mode of the 
pyrolysis plant. 

The use of the aromatic oils for petrochemical applications seems to be 
promising. 

The reduction of volume and the strong incorporation of the heavy metals 
in the matrix of the pyrolysis residue eases the problem of sludge decom- 
position. 

In summary, the pyrolysis of sewage sludge can be viewed as environmen- 
tally tolerable alternative to the conventional sewage sludge utilization. 
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ABSTRACT 


The thermal decomposition of a series of six organophosphorus compounds has been 
carried out using vapor phase pyrolysis-gas chromatography/Fourier transform infrared 
spectroscopy. These studies have been made with the samples diluted with both helium and 
dry air using a previously described closed system. The relative decomposition rates under 
both atmospheres along with the observed decomposition products are discussed. A compari- 
son is made with a previously reported decomposition mechanism. 


Fourier transform infrared spectroscopy; gas chromatography; organophosphorus com- 
pounds; pyrolysis; thermal decomposition. 


INTRODUCTION 


The wide range of chemical reactivity of organophosphorus compounds 
has resulted in their use in a wide variety of applications. Some common 
forms are used commercially as pesticides while other forms have many 
industrial uses. Applications of this nature result in the broad dispersion of 
these compounds and has resulted in some concern about their environmen- 
tal effects. One concern is a plan to decompose and detoxify such materials 
by exposure to heated surfaces. With the toxicity and relatively long lifetime 
of these compounds, failure to completely destroy or detoxify them could 
result in some serious problems. There have been little published thermal 
decomposition studies on these compounds and, therefore, it is of interest to 
investigate the thermal stability, possible decomposition mechanisms and 
the decomposition products of some of these materials. Therefore, we 


* Taken in part from the thesis of David F. Smith which will be submitted to the Department 
of Chemistry in partial fulfillment of the Ph.D. degree. 
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initiated some studies on the vapor phase decomposition of a number of 
these organophosphorus compounds to evaluate relative decomposition rates 
and to obtain information on their possible thermal decomposition mecha- 
nisms. The study was designed to investigate compounds with functional 
groups and chemical properties which can be considered as simulants of 
compounds which are known to have adverse biological activity while 
avoiding working directly with the highly toxic materials. 

We were specifically interested in the vapor phase decomposition proper- 
ties of these compounds in two different atmospheres, dry air and helium, 
over a range of temperatures from 200°C to 1000°C. These requirements, 
combined with the handling problems associated with these air sensitive and 
highly volatile compounds, provided for a challenging project. The results of 
this study are reported herein. 


EXPERIMENTAL 


A total of six different organophosphorus compounds were used in this 
study. Four of these were obtained commercially. Ethylphosphonic dichlo- 
ride, CH,CH,P(O)Cl,, and methylphosphonic dichloride, CH,P(O)C1,, 
were purchased from Alfa Inorganics, Inc. The ethyldichlorophosphine, 
CH,CH,PCl,, and ethyldimethylphosphine, CH,CH,P(CH,),, were 
purchased from Organometallics, Inc. The dimethoxymethylphosphonate, 
(CH,O),(CH,)P(O), was prepared by the reaction of NaCO, with 
CH,P(O)Cl1,. Ethylphosphonic difluoride, CH ,CH,P(O)F,, was synthesized 
from the corresponding dichloride by direct reaction with freshly sublimed 
antimony trifluoride (SbF,). All of the above compounds were purified by 
vacuum distillation on a cold column prior to use. 

The gas chromatograph utilized for these experiments was a Hewlett 
Packard Model 5880A gas chromatograph. This instrument has been opti- 
mized for operation with capillary gas chromatographic (GC) columns and 
is equipped with both a flame ionization detector (FID) and a Digilab 
Fourier transform infrared (FTIR) lightpipe interface accessory. The 
GC/FTIR data acquisition system consists of a Digilab Model FTS-14C 
infrared interferometer with a liquid nitrogen cooled MCT detector. The 
interferometer is connected to a Data General Nova/4 minicomputer. All 
GC/FTIR spectra were collected at 6 cm™' resolution from 3200 to 700 
cm ' with the lightpipe heated to 280°C. An uncoated fused silica capillary 
return line from the lightpipe to the flame ionization detector provided the 
ability to collect simultaneous Grahm—Schmidt (GS) and FID chromato- 
grams for all samples. The pyrolysis apparatus was a Chemical Data 
Systems Model 120 Pyroprobe equipped with a coil probe and a modified 
quartz insert. The interface between the pyrolysis probe and the gas 
chromatograph was a specially designed device for these studies and is 
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described in detail elsewhere [1]. This interface incorporates the Pyroprobe 
with a cold trap reinjection system, and allows reproducible offline sampling 
of volatile compounds through a vacuum manifold (Figs. 1 and 2). Pyrolysis 
of the compounds was by the procedure previously described. In all cases, 
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the dry air or helium carrier gas flow through the sample trap to the 
Pyroprobe was 10 ml/min. The probe was preheated to a preset temperature 
for 5 seconds prior to sample introduction and maintained at that tempera- 
ture for a total of 20 seconds. Preset probe temperatures ranged from 200 to 
1000° C. Laminar flow through the Pyroprobe was assumed and the internal 
diameter of the quartz insert indicated a theoretical exposure time of 
approximately one second. 

Oven conditions were the same for all of the compounds and are as 
follows: (1) hold 30°C for 2 min; (2) ramp to 180°C at 150°C/min; (3) 
ramp to 240°C at 25°C/min; (4) hold for 5 min. The GC injection port 
was maintained at 300°C and the pyrolysis interface was 175°C. The GC 
split flow was 60 ml/min which created an injection flow velocity in the 
loop of approximately 120 cm/s. Helium was used as the carrier gas with a 
column flow velocity of 2.2 ml/min. Slower flow velocities were investigated 
but gave no significant increase in early peak resolution. The slower flows 
did, however, produce more peak tailing as a function of lightpipe volume, 
thus supporting the choice of the higher flow-rate. 

A thick film non-polar column was used to perform the chromatographic 
separations (DB-1, 0.32 mm I.D., 5 wm film, J& W Scientific). More polar 
stationary phases suffered degradative damage from acidic pyrolysis prod- 
ucts formed and the thick film helped resolve early eluting peaks at room 


temperature. Cryogenic cooling of the oven with liquid CO, was not possible 
since the large amounts of CO, required caused extreme baseline shifts in 
the GS chromatogram. 


RESULTS AND DISCUSSION 


Each of the compounds used in this study presented a unique set of 
problems in handling and sampling. Therefore, it is important to discuss our 
basic approach to sampling. In order to achieve comparable results, the 
experimental conditions such as flow-rate, exposure time and exposure 
temperature needed to be equivalent for each compound and reproducible 
for the series. Additionally, it was very important to introduce approxi- 
mately equivalent sized samples into the Pyroprobe as it has been shown 
that large variations in sample size can result in poor reproducibility in 
terms of the type and relative amounts of pyrolysis products formed [2]. 
Although the vapor pressure of the different compounds varied significantly, 
it was still possible to collect samples consistently ranging from 50 to 150 
ug. This was accomplished by varying the headspace over the sample into 
which the vapor phase was allowed to equilibrate, i.e. a compound with a 
low vapor pressure would be sampled in a large headspace volume and a 
compound with a higher vapor pressure would be sampled in a small 
headspace volume. Changes in headspace volume were controlled by open- 





TABLE 1 
Mean sample size as determined under non-pyrolysis conditions 





Compound Pyrolysis sample * pg on Headspace ** Sample size *** 
column volume (ml) % R.S.D. 





bg moles 


CH,P(O)CI, 90 0.68 5.0 100 31.7 
CH,CH,P(O)Cl, 152 = 1.03 8.4 100 14.4 
CH,CH,P(O)F, 16.5 0.75 4.2 20 9.1 
(CH,O),P(O)CH, 90.1 0.73 5.2 20 78 
CH,CH,P(CH,), 57.4 0.64 3.2 10 22.7 
CH,CH,PCl, 145 = 1.12 8.0 20 17.5 








* Calculated from FID response. 
** Estimated headspace volume. 
*** Calculated from at least five standard sample runs. 


ing and closing portions of a vacuum manifold. Sample sizes were monitored 
by FID response in non-pyrolysis runs. This sampling system follows the 
premise that, if a liquid sample size remains essentially constant along with 
temperature and internal pressure, then the equilibrium concentration of the 
vapor phase in a fixed headspace over the sample should also remain 
constant. Equilibrium sample temperatures below room temperature were 
maintained by placing the sample tube in a salt water and ice slush bath. It 
was expected that the vapor phase sample collection step would be rapid 
and quantitative. However, we found that this time varied considerably with 
sample vapor pressure. 

In Table 1 is listed the average sample size introduced into the Pyroprobe 
as calculated from the FID response of non-pyrolysis experiments run 
periodically. The sizes are very similar ranging from 0.65 to 1.1 moles while 
the relative standard deviation runs from 8 to 32% which we believe is 
reasonable. These experiments under non-pyrolysis conditions were run 
intermittently during the data collection for each compound in order to 
ensure that consistent sample sizes were being delivered to the Pyroprobe. 

The one exception to using the FID data for decomposition rate informa- 
tion was in the case of methylphosphonic dichloride in an air atmosphere. In 
this case, the pyrolysis products that were formed gave no FID response. 
The reduced FID response of the parent peak and the appearance of CO 
and CO, in the FTIR scans did indicate that decomposition was occurring. 
Therefore, for the decomposition under air of this one compound at 800°C 
and 1000°C, the ratio of the sum of total GS peak heights to the peak 
height of the pure compound was used to calculate the decomposition rate. 
While there is some precedent for this procedure [3], there is a potential 
major source on error which is due to the different absorptivities of the 
compounds (which effects peak height in the GS chromatogram). For 
methylphosphonic dichloride, however, this source of error is reduced since 
the primary decomposition product (CO,) and the parent compound are 
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both strong infrared absorbers. The decomposition trends for this com- 
pound generated by the above method compare favorably with the rest of 
the data, but due to the nature of the technique we should consider data 
derived by it to be strictly qualitative and not quantitative. 

No previous study on the gas phase pyrolysis of these organophosphorus 
compounds could be found. Work published by Bailey et al. [4] reports 
thermal decomposition data for trialkyl phosphine oxides. In this study the 
authors state that these compounds are generally extremely stable. Pyrolysis 
of ethyldimethylphosphine oxide at 600°C shows only about a 50% decom- 
position while trimethylphosphine oxide shows almost no decomposition at 
700°C. The authors explain the difference in these two very similar com- 
pounds by the presence of a B-hydrogen on the ethyl side chain. From this 
series of compounds and a parallel study of the thermal decomposition of 
tertiary amine oxides [5] the authors speculate about a general decomposi- 
tion mechanism: 


i 
H3C Pars 
\ AN CH 


CH2 CH3 


It is suggested that the decomposition takes place through elimination via 
a cyclic five-membered ring transition state. This would produce a trivalent 
phosphorus compound plus an unsaturated hydrocarbon. 

The data presented in this study report qualitatively the relative stability 
of some ‘similar’ organophosphorus compounds and elaborate on the de- 


composition mechanism proposed by Bailey et al. [4], as it relates to this 
study. 


Y 


4 
vA 


Yai "+ Xo 


R Xy 


The series of compounds studied can be generally described by the above 
format where R = —-CH, or -CH,CH,; Y =O or 2e°; X,,=-Cl, -F, or 
—OCH, with X, and X, not necessarily equal. In general, the decomposition 
mechanism suggested by Bailey et al. [4] seems valid for the compounds in 
this study containing a P—C bond. This can be seen by considering the 
major decomposition products of ethylphosphonic dichloride and ethylphos- 
phonic difluoride. In each case the only significant hydrocarbon pyrolysis 
product is ethylene with a small amount of acetylene. Confirmation of the 
identity of these two products is provided by the FTIR spectrum (Fig. 3). 
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Fig. 3. Infrared spectrum of ethylene (* is acetylene). 


These two products elute from the column almost simultaneously but the 
simplicity of their respective spectra allows their identification. In the case 
of dimethoxymethylphosphonate and methylphosphonic dichloride where 
R =-—CH,, both compounds were considerably more stable and would 
follow the postulated mechanism where the absence of B-hydrogens results 
in a more thermally stable structure. 

Curiously, there are H atoms on the -OCH, group which could accom- 
modate the ‘B-hydrogen’ decomposition theory. If it held for the methoxy 
group, the major product would be formaldehyde by: 


ons 
However, the major product is methanol, CH,OH, indicating the cleavage of 
the P—O bond is through some other mechanism. This is further supported 
by the much higher thermal stability of the dimethoxymethylphosphonate 
molecule. 

None of the phosphorus decomposition products were conclusively identi- 
fied. Polymerization of the decomposition products was common with large 
deposits of high boiling liquids and solids evident in the glassware system. 
This would also follow from the suggested mechanism which predicts the 
formation of unstable phosphinic or phosphonic acids. These high boiling 
acidic compounds would not be analyzable by GC. 

















MINUTES 


Fig. 4. GS pyrograms of ethylphosphonic dichloride at three different pyrolysis temperatures. 


Representative GS and FID chromatograms for ethylphosphonic dichlo- 
ride are shown in Figs. 4 and 5. Fig. 4 shows the growth of the decomposi- 
tion product peaks (1.22 and 12.33 min) with increasing pyrolysis tempera- 
ture. A comparison of FID (Figs. SA and 5C) and GS (Figs. 5B and 5D) 
chromatograms is given in Fig. 5, for runs in which there was no pyrolysis 
(Figs. SA and 5B) and a pyrolysis run at 1000°C (Figs. SC and SD). 

Ethylphosphonic dichloride was unusual in that it was the only compound 
studied that had a second major decomposition product directly related to 
the degree of decomposition. This decomposition product, whose spectrum 
is shown in Fig. 6, elutes at 12.33 min and probably does not contain any 
carbon as there are no analogous peaks in the FID trace (Figs. 5C and 5D). 
Unfortunately, we have been unable to identify this compound from its 
infrared spectra. 

The compounds under investigation show some definite trends in thermal 
stability which can be related to the decomposition mechanism discussed as 
well as to the oxidation state of the phosphorus and the bond energies of the 
different side groups. Graphs are shown for each of the compounds studied 
(Figs. 7 and 8). Two lines are drawn on each, one for pyrolysis in helium and 
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Fig. 5. FID (A and C) and GS (B and D) chromatograms of ethylphosphonic dichloride for 
runs: (A and B) with no pyrolysis and (C and D) with pyrolysis at 1000° C. 


one for decomposition in dry air. These plots depict the calculated percent 
of decomposition versus the Pyroprobe temperature used for each test. As 
previously described, the decomposition rate for each was calculated from 
the response of the flame ionization detector of the gas chromatograph 
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Fig. 6. Infrared spectrum of unknown phosphorus decomposition product from pyrolysis of 
ethylphosphonic dichloride. 
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Fig. 7. Percent decomposition versus temperature of two trivalent phosphine compounds 
(A = decomposition under dry air; He = decomposition under helium). 
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Fig. 8. Percent decomposition versus temperature of four pentavalent phosphine oxide 
compounds (A = decomposition under dry air; He = decomposition under helium). 





TABLE 2 


Bond energies of some phosphorus bonds * 





Energy (kJ/mol) 


490 
326 
264 
335 (2) 
544 








aken from ref. 6. 


except where noted. All of the data points were averaged for each tempera- 
ture and the lines connect the mean values. 

It is readily evident that the two compounds in which the phosphorus is in 
the oxidation state of three, ethyldichlorophosphine and ethyldimethylphos- 
phine (Fig. 7), are less stable than the four pentavalent phosphine oxides 
(Fig. 8). However, both the these compounds exhibit reasonably high 
thermal stability under helium. Under air the ethyldichloride phosphine is 
the more stable of the two compounds. The higher degree of stability could 
be attributed to the greater bond strength of the P—Cl bond (Table 2). In 
both cases, the compounds are not actually decomposed, but rather are 
converted to their respective phosphine oxides. 

The other compounds demonstrated extremely high relative stabilities 
both in dry air and helium. The plots seem to indicate higher degrees of 
stability than the trialkyl phosphine oxides reported by Bailey et al. [4]. 
None of the same compounds were tested because of the lack of volatility or 
availability so direct correlation is difficult. 

The relative stability appears to be related to the presence of a P—C side 
chain containing a B-hydrogen as well as by the relative strength of the 
other side groups. This is demonstrated by both the ethylphosphonic dichlo- 
ride and the ethylphosphonic difluoride where both are less stable than the 
remaining two compounds in both air and helium atmospheres. Between the 
two compounds, the difluoride is the more stable compound. A comparison 
of the relative bond strengths from Table 2 shows the P—F bond to be much 
stronger than the P—Cl bond which probably accounts for the difference in 
the stability of the two compounds. 

The remaining two compounds, dimethylmethylphosphonate and methyl- 
phosphonic dichloride, demonstrated the highest degree of stability of the 
six compounds studied. Following the same reasoning, there are no multi- 
carbon chains bonded directly to the phosphorus atom so no five-membered 
intermediate can be formed. Also, the two other substituents have either a 
P—Cl or a P-O bond with the same relative bond strengths. Within experi- 
mental error both compounds have about the same stability in air and 
helium and fit into the general trend of all of the compounds tested. 
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CONCLUSIONS 


All of the compounds of interest in this study were somewhat air 
sensitive. Consequently, it was desirable to work with very small quantities 
of these materials in a closed system to avoid atmospheric decomposition. 
The system developed for use in this work was the best compromise to meet 
the requirements of the experiment with existing equipment. It is not 
suggested that this system simulated an industrial incinerator or hot mani- 
fold but, rather, was devised to provide basic decomposition data which 
would yield some insight into the overall stability of these materials and into 
problems which might be associated with handling and disposal of these 
types of compounds. 

It can be concluded from this study that the pentavalent compounds 
exhibit high thermal stability under both dry air and inert atmospheres. The 
trivalent compounds also exhibit high stability in an inert atmosphere but 
are readily oxidized in air to their respective phosphine oxide. 

Although no decomposition mechanism was apparent, some trends were 
observed. Of the compounds with alkyl side chains, those with more than 
one carbon appear to be less stable than those with only a methyl group and 
probably yield unsaturated hydrocarbon products under pyrolytic condi- 
tions. In the case of P-O-R moieties, the side chain product is more likely 


to be the respective alcohol. The fate of the phosphorus-containing moiety is 
unclear from the observed data although the formation of polyphosphorus 
compounds appears to be favored. Under oxidizing conditions, the forma- 
tion of expected hydrocarbon combustion products such as CO,, CO and 


H,O was observed along with increased evidence of acids such as HCl and 
HF. 
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ABSTRACT 


A method for simultaneous determination of natural rubber (NR) and styrene—butadiene 
rubber (SBR) tire tread particles in atmospheric dust is described. Particulate rubbers are 
pyrolyzed at 740°C for five seconds in a Curie-point pyrolyzer. The resulting pyrolyzates are 
separated and detected by a gas chromatograph equipped with dual flame ionization 
detectors. Among several pyrolysis products, isoprene and styrene are chosen as indicator 
compounds for NR and SBR, respectively. The method is applied to a suite of atmospheric 
dust samples collected in Seoul, Korea by an Andersen sampler and some analytical results 
are presented. 


Atmospheric dust; gas chromatography; natural rubber; polymers; pyrolysis; 
styrene—butadiene rubber; tire tread. 


INTRODUCTION 


Pyrolysis-gas chromatography (Py—GC) has been successfully applied to 
the characterization of rubber components for many years [1-4]. Since 
Thompson et al. [5] reported evidence of tire-wear debris in the sweepings 
from tunnel and parking garages, several workers [6-8] have reported 
various analytical methods for determination of rubber particles in atmo- 
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spheric dusts. The amount of rubber loss from automobile tires has been 
also estimated from the number of registered vehicles and tire sales to be 
about 90 mg/km due to vehicle motion [9]. According to Pierson and 
Brachaczek [10] and Brown et al. [11], less than 5% of the total tire wear 
becomes airborne, but this amount is equivalent to 20% of the total airborne 
particulate matter exhausted from internal combustion engines burning 
regular gasoline. 

Penetration and deposition of the airborne particulates in man’s respira- 
tory tract is a subject of aerodynamics [12]. The toxicity of a particulate 
pollutant is thus determined not only by its concentration and chemical 
composition, but also by the particle size of the pollutant. 

This paper presents details of an analytical procedure for the simulta- 
neous determination of natural rubber (NR) and styrene—butadiene rubber 
(SBR) tire tread particles in atmospheric dusts by Py-GC. The performance 
of the procedure and its application to a suite of urban atmospheric dust 
samples are discussed. In addition, the measured concentrations of total 
rubber particles and those particles which are small enough to penetrate into 
the alveoli are presented. 


EXPERIMENTAL 
Atmospheric dust sampling 


Atmospheric dust samples were collected from the street in front of 
Yonsei University Campus, Seoul, Korea using an Andersen sampler 
(Kanomax, Model 3351) which was run for 10 days for each sample. We 
chose polyester filters (diameter: 80 mm; thickness: 0.075 mm) which 
enabled us to remove the dusts from the filter easily and thus reduce the 
relative error when weighing the samples. The collected airborne dust was 
kept in a desiccator for at least two days, where relative humidity was 
maintained at 50% using calcium chloride solution. In order to remove 
organic contaminants originating from asphalt particles or vehicle exhaust, 
the samples were rinsed with benzene—ethanol (4:1, v/v) in an ultrasonic 
bath for 30 seconds. After being dried at room temperature, the samples 
were weighed on a semi-microbalance (Mettler Model HK60). 

Analytical standards of NR and SBR tire tread rubbers were prepared 
following the recipes which are given in Table 1. 


Pyrolysis—gas chromatographic conditions 


A Curie-point pyrolyzer (Japan Analytical Industries, Model JHP-2) was 
directly coupled to a gas chromatograph (Hitachi Model 163) equipped with 
dual flame ionization detectors. Atmospheric dust samples (0.5-1.0 mg) 





TABLE 1 


Chemical composition of standard tire tread rubber ¢ 





Passenger car Truck and bus 


SBR (OE) ° NR 

BR (OE) BR 

ZnO ZnO 

Stearic acid Stearic acid 
Carbon black Carbon black 
Process oil Process oil 
Antioxidant 3C ¢ : Antioxidant 6C ° 
Antioxidant RD / Antioxidant RD / 
Vulcanization Vulcanization 
Accelerator CZ * 0.4 Accelerator MOR” 
Accelerator TT ‘ 0.8 

Sulphur 2 Sulphur 








* Provided by Han Kook Tire Manufacturing Co., Seoul, Korea. 
> Oil extended. 

Parts by weight. 

N-Isopropyl-N ’-phenyl-p-phenylenediamine. 
N-(1,3-Dimethylbutyl)-N ’-p-phenylenediamine. 
Poly(2,2,4-trimethyl-1,2-dihydroquinoline). 
Cyclohexylbenzothiazolylsulphenamide. 
N-Oxydiethylene-2-benzothiazolylsulphenamide. 

* Tetramethylthiuram disulphide. 


na 9 


e 
f 
& 
h 


were pyrolyzed at 740°C for five seconds. The temperatures of the pyrolyzer 
unit and the tube connecting pyrolyzer and gas chromatograph were main- 
tained at 100°C and 200°C, respectively. The analytical column was a 
stainless steel tube (6 m X 3 mm I.D.) which was packed with 15% Apiezon 
grease L supported on 60—80 mesh Uniport B. 

The column temperature was maintained at 55°C for the first seven 
minutes and programmed to increase at a ramp rate of 20°C/min up to 
160°C. The nitrogen carrier gas flow-rate was 20 ml/min (Table 2). 


TABLE 2 


Pyrolysis—gas chromatographic conditions 





Column : Stainless steel, 6 m X 3 mm I.D. 
Packing : 15% Apiezon grease L on Uniport B, 60-80 mesh 
Column Initial: 55° C 

temperature : © Final : 160°C 

Rate : 0°C for 8 min; 20°C/min 

Carrier gas : Nitrogen, 20 ml/minute 
Detector : Flame ionization 
Pyrolysis : 740° C for 5 seconds 
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RESULT AND DISCUSSION 
Column selection 


The column was selected in such a way that simultaneous quantification 
of the isoprene and styrene peak could be achieved. A non-polar packing 
material is needed for good separation of isoprene, while a high-temperature 
packing material is necessary for good separation of styrene. The packing 
materials tested in this work were Apiezon grease L, TCP, SE-30, OV-1, 
OV-17, DC-200, DC-550, PEG-20M and FFAP. Among them, a 6-m-long 
column containing 15% Apiezon grease L showed the best separation 
performance. 


Pyrolysis temperature 


Seven kinds of pyrofoils (358°C, 445°C, 590°C, 670°C, 740°C, 920°C 
and 1040°C) were tested to observe the effect of temperature on the 
pyrolysis characteristics of standard tire tread rubbers. The functional 
relationships between the production yields of isoprene, styrene and di- 
pentene and pyrolysis temperature are summarized in Fig. 1. At 358°C, no 
pyrolyzates were produced. Yields of both isoprene and styrene were highest 
at 740°C, while the maximum dipentene production was observed at 
445°C. Thus, only the 740°C pyrofoil was used for routine sample analysis. 


Quantification of tire tread rubbers 


For quantitative determination of tire tread rubbers, the pyrograms of 
samples were compared with those of standard tire tread rubbers. Typical 


cm?/ug 


Peak area , 
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Fig. 1. Effect of pyrolysis temperature on pyrolysis products of the tire tread rubber. 
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Fig. 2. Pyrograms of tire tread rubbers and atmospheric dusts. Peaks: 1 =1,3-butadiene; 
2 = isoprene; 3 = C;H,9; 4 = benzene; 5 = toluene; 6 = vinylcyclohexene; 7 = ethylbenzene; 
8 = xylene; 9 = styrene; 10 = C,)H,,; 11= dipentene. 


pyrograms of the SBR group and NR group tire treads, and atmospheric 
dusts trapped in the fourth stage of the Andersen sampler, are shown in Fig. 
2. The styrene peak was used for the determination of SBR group tire rubber 
and the isoprene peak for the determination of NR group tire rubber. 
Theoretically, dipentene can also be used for NR group determination but, 
in this work, the amounts of NR group rubber in the dust samples were too 
small to produce sufficient dipentene. The reproducibility of the pyrolyzate 
formation was investigated by varying the particle size from 14 to 100 mesh. 


TABLE 3 
Reproducibility of the pyrolysis-gas chromatography * 





Tire tread SBR NR R.S.D. (%) 
rubber (%) (%) n=5 


Passenger car SIS 0 9.7 
Bus and track 0 47.6 8.3 








* Based upon peak area integration. 
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TABLE 4 


Size distributions of atmospheric dust and rubber components 


Sampling period: January 13-22, 1987. 





Stage Particle Sample Sample SBR NR Total Abundance 
number sizerange weight conc. (ug/m?) (pg/m*) rubber ratio 
(um) (mg) (g/m) (ug/m’) (%) 
9.0-10 18.5 58.6 1.52 0.19 1.71 2.91 
5.8-— 9.0 2.24 7.09 0.11 0.01 0.12 1.69 
4.7-— 5.8 1.16 3.67 0.03 0.004 0.03 0.82 
3.3- 4.7 4.89 15:5 0.12 0.01 0.13 0.84 
2.1- 3.3 1.04 3.29 0.02 0.001 0.02 0.61 
1.1- 2.1 3:77 18.3 0.10 0.01 0.11 0.60 
0.7- 1.1 8.56 274 0.05 0.01 0.06 0.22 
0.4— 0.7 7.59 24.0 0.03 0.004 0.03 0.13 





YAN PWN KE CO 


49.8 157.5 1.98 0.23 2.21 1.40 





It appeared that the reproducibility was strongly related to the particle size. 
The best reproducibility was obtained when 50-100 mesh particles were 
used (Table 3). In the pyrograms SBR group (styrene peak) and NR group 
(isoprene peak) were 74+ 5.2 area unit/ug and 380+ 20.8 area unit/pg, 


respectively. 
Particle size distribution of rubber components 


Atmospheric dust samples were collected using the Andersen sampler 
which was operated continuously for 10 days in March 1987. The samples 
were analyzed for NR and SBR rubbers and weighed at each stage. As 
summarized in Table 4, it can be seen that the mass size distribution of 
rubber components is not bimodal, but unimodal. This implies that almost 
all of the rubber particulates were produced from automobile tire tread by 
mechanical abrasion. 

It is generally known that atmospheric dusts trapped below the sixth stage 
of an Andersen sampler can penetrate into alveoli [13]. It appeared that 
32.4% of the total atmospheric dust could penetrate into alveoli, of which 
the rubber components formed 0.2%. The concentrations of NR group and 
SBR group tire tread were 0.23 ug/m? and 1.98 »g/m’, respectively. 
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ABSTRACT 


The kinetics of the thermolysis of 19 ethers under hydrogen pressure in excess tetralin 
have been studied. The data obtained make it possible to relate the reactivity and the 
mechanism of transformations of the ‘bridge’ bonds to the structure of the bridge itself and 
of the end groups and to the presence of substituents in these groups. For the first time it has 
been shown that correlation analysis can be used to predict the reactivity of the correspond- 
ing model compounds. 


Coal organic matter; ethers, aromatic; kinetics, reaction; pyrolysis; thermolysis. 


INTRODUCTION 


At present it is widely accepted that coal organic matter (COM) consists 
of aromatic clusters connected by ‘bridge’ bonds in three dimensions [1,2]. 
The ‘bridge’ bonds contain methylene groups and can comprise hetero- 
atoms, among which oxygen is the most widespread. 

The study of the mechanism and kinetics of the thermolysis of 
oxygen—methylene ‘bridges’ for simple substances that model the structure 
of coal is of great interest. This is due to the fact that such ‘bridges’ are 
mostly reactive and, hence, any thermally induced transformation of COM 
most likely begins with the scission of the ‘bridges’. In a recent paper [3] it 
was shown that the degree of liquefaction of 20 different coals is related to 
the intensity of the peaks in field ionization mass spectra corresponding to 
substances formed as a result of the destruction of the oxygen—methylene 
‘bridges’. 

However, the study of the mechanism and kinetics of thermolysis of 
model ethers has so far not been systematic and has been confined to a 


0165-2370 /89 /$03.50 © 1989 Elsevier Science Publishers B.V. 
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small number of compounds. Besides, the experimental conditions used were 
very often far from those of the liquefaction process (for instance, pyrolysis 
in sealed tubes [4—6]) and the reactivities of the compounds were compared 
on the basis of degrees of conversion [7-16]. However, a systematic com- 
parison turned out to be impossible, since the conditions were not identical 
in different experiments. 

Evidently, measurement of the kinetic constants under conditions that 
minimize secondary conversions might give the most reliable ideas about the 
dependence of the reactivity on the structure. However, the kinetics of 
thermolysis was studied only for several ethers (dibenzyl [6,17—21], benzyl- 
phenyl [15], and phenylethylphenyl [6,22]) under conditions that were not 
always comparable. Different experimental procedures resulted in different, 
sometimes quite opposed, interpretations of the mechanism. For instance, it 
was proposed that thermolysis of dibenzyl ether follows only the concerted 
mechanism (intramolecular rearrangement [21]), that the concerted [17] or 
chain radical [5,6] mechanism predominates, or that only the chain mecha- 
nism occurs [20]. 

The brief review given above shows that additional systematic investiga- 
tions are required in order to draw reliable conclusions about the effect of 
the structure of oxygen—methylene ‘bridges’ on the mechanism and rate of 
thermolysis. 

Up to the present time we have studied the kinetics of thermolysis of 19 
compounds, the major part of which have been used for the first time as the 
subject of investigation. The measurement of the kinetic parameters of 
thermolysis of such a great number of compounds and the measurement of a 
concentration change of intermediates allowed us to study more thoroughly 
the effect of the structure of oxygen—methylene ‘bridges’ themselves, the 
structure of the end groups (clusters), and the presence of the substituents in 
them. It proved to be possible to calculate the rates of thermolysis of similar 
structures with the aid of the regularities found and hence to evaluate the 
thermolysis rates of the fragments of real COM. 


EXPERIMENTAL 


All the experiments were conducted in a specially designed autoclave, the 
introduction of the substrate occurring at the instant of time recording and 
sampling during the course of the experiment. Hydrogen pressure in the 
autoclave was 8.5 MPa and tetralin was used in a tenfold weight excess. The 
temperatures were chosen in such a way as to ensure the reliability of the 
kinetic measurements. For the sake of comparison the rate constants were 
recalculated for 350°C (heating of the paste) and 410°C (coal liquefaction) 
by the Arrhenius equation. Concentrations of all substances were de- 
termined by gas-liquid chromatography on an LXM-8MD-5 instrument 
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with a flame-ionization detector and temperature-programmed capillary 
columns (SE-30, 30 and 50 m). The reaction products were identified by 
chromatography/mass spectrometry on an LKB-2091 instrument. The de- 
tails of the experiment are described in refs. 23 and 24. 


RESULTS AND DISCUSSION 
The effect of the ‘bridge’ structure in C,;H,(CH,),, — O-(CH)),,-C,H; 


The results are summarized in Table 1. Diphenyl ether is not included 
since it was stable at 410°C. Thus, when n= m= 0 the ‘bridge’ is most 
stable, but introduction of one methylene group results in the highest 
reactivity. A further increase of the number of methylene groups decreases 
the reactivity. 

The order of reactivity coincides mainly with a change in the C-O bond 
strength and only at 410°C is dibenzyl ether (n = 1, m= 1) below benzyl- 
ethylphenyl ether (Table 2). This may be due to the different mechanism, 
which is supported by the lowest activation energy of thermolysis of diben- 
zyl ether and a negative value of a change in activation entropy (Table 1). 


This confirms a possible intramolecular rearrangement proposed in refs. 17 
and 21: 


H 
a 7 
CH - CH; € 
COlyea—-G':- wW 
We have shown that conversions of dibenzyl ether and secondary conver- 


sions of benzaldehyde supported by the experiments with benzaldehyde [23] 
are best described by the following scheme: 


© + CO 


ke 


B 
te) 
os 
BA : 
The computer-calculated changes in concentrations of dibenzyl ether 
(DBE), benzaldehyde (BA), toluene (T) and benzene (B) agree well with the 
experimental data and are plotted in Fig. 1. Mean square deviations of 
theoretical and experimental concentrations within the whole temperature 
range (350—410°C) did not exceed + 5%. Table 3 lists the reaction rate 





TABLE 1 


Kinetic parameters of thermolysis of ethers of the general formula C,H,(CH,),, 


Compound 


Benzylphenyl 
ether 
n=0; m=1 


Phenylethyl- 
phenyl ether 
n=0; m=2 


Dibenzyl 
ether 
n=1; m=1 


Benzylethyl- 
phenyl ether 

n=1; m=2 

Diethylpheny] 
ether 

n=2; m=2 


Rate constant k (min~') at T, °C 
300 325 350 


(6.2+0.3)  (3.0+0.2) (2.14+0.2) 
xio0-> x1072 107" 


(2.0401) (1.6+0.2) 
<x10-° x107? 


(7.7+0.6) 
<io7° 


(3.7 + 0.3) 
10°? 


(7.6 +0.4) 
x10~4 


* Extrapolated by the Arrhenius equation. 


(1.0+0.2) 
x10" 


(1.8 +0.3) 
x10" 


(1.6+0.5) 
<10°- 


(4.440.4) 
x10~3 


(5.8 +1. 
x10~? 


(1.3+0. 
x16" * 


(2.4+0. 
<10-* 





H,),,-O-(CH,),,C,H, (8.5 MPa, mass ratio of ether to tetralin =1: 10) 


Half-life (min) Activation parameter 

at Fr 7€ E, AS* AH* 

350 410 (kcal / (e.u.) (kcal / 
mol) mol) 





TABLE 2 


Bond strengths and reactivities of ethers 





n and m Half-life (min) C—O bond energy (kJ/mol) 
350°C 410°C 


0 and 1 3.3 221+20 
0 and 2 43.2 : 220+ 10 
land1 90.0 J 286+ 10 
1 and 2 187.3 ; 310 

2 and 2 911.8 I 330+ 20 
0 and 0 - > 40 hours 











constants and the activation parameters for the second Scheme. High values 
of the activation energy and the change in the activation entropy for the 
reaction DBE — T + B indicate the probability of bond breaking and possi- 
bility of the radical mechanism. By contrast, low values of these parameters 
for the reaction DBE — T+ BA support the idea that, in the course of 
conversions, no complete breaking of the chemical bonds occurs, i.e. in- 
tramolecular rearrangement following the concerted mechanism is more 
likely. The latter reaction is the main one for DBE transformation both at 
350 and 410°C. Since the activation energy of DBE is small, these facts 
determine the place of dibenzyl ether among the other ethers. Rearrange- 
ments similar to that described above are not observed in the case of other 


| 
5 ECHO, ©) 
f 


= 


Ww 


Cy x10°, g-mol 











45 


fe) 
¢, min 


Fig. 1. Computed kinetic curves of dibenzyl ether thermolysis at 410°C. The experimental 
data are shown by dots. 





62 


TABLE 3 


Rate constants and activation parameters of the reactions in the second scheme (above) 





DBE — T+B DBE ~ T+BA BA > T BA >B 


K3s9 X10~? min~! 0.084 0.730 1.030 0.007 
K 3g X 107? min~! 0.448 1.375 1.380 0.065 
K 4,9 X10~? min™! 1.900 3.980 1.500 1.300 
E,,, kcal/mol 44.0 21.1 5.2 73.7 
log A, min! 12.34 6.32 —0.16 21.7 
AS*,e.u. —5.6 — 33.2 —62.8 +41.0 








ethers. The reaction of benzylphenyl ether is accompanied by a partial 
rearrangement into benzylphenol: 


oe ? or 
_ 
ig 
one 


The calculations and the experiments with o-benzylphenol have shown 
that benzylphenols do not undergo transformations under the experimental 
conditions. The value of k, is 5.1 x 1073, 2.4 x 107, and 1.6 x 107! at 300, 
325, and 350°C, respectively; the value of k, is 1.1 X 10-7, 6.0 x 1073, and 
5.5 10°? for the same temperatures, i.e. k, is approximately 4 times 
smaller than k,. 

The activation energies of thermolysis of all ethers (except dibenzyl ether) 
are high and close to 48.7—50.5 kcal/mol, which points to direct homolysis 
of the C—O bond and to an insignificant role of the chain reactions in excess 
tetralin. 

In addition to the rearrangement product, only toluene and phenol are 
formed in equimolar amounts from benzylphenyl ether (Fig. 2a); from 
phenylethylphenyl ether, ethylbenzene and phenol are obtained also in 
equimolar amount (Fig. 2b) with traces of styrene, the product of inner 
stabilization of the ethylphenyl radical. Thermolysis of benzylethylphenyl 
ether (Fig. 3a) yields toluene, ethylbenzene and benzene in a ratio of about 
12:4:1. A predominant amount of toluene indicates that cleavage of the 
bond of oxygen with the benzyl radical is preferred and that decarbonyla- 
tion of the C,H;CH,CH,O- radical occurs by analogy with the benzyloxy 
radical in the case of DBE. On the other hand, the formation of ethylben- 
zene and toluene in non-equimolar amounts show that C,H;CH,CH,O- 
radicals is partially reduced to ethylbenzene. 





Cy = 10°, g-mol 





CH,CH, 


8] 
4 








T, min 
Fig. 2. Kinetic curves of thermolysis of (a) benzylphenyl and (b) phenylethylphenyl] ethers. 


Decarbonylation of C;H,CH,CH,O: is also confirmed by the composi- 
tion of the products of diethylphenyl ether thermolysis (Fig. 3b): ethylben- 
zene and toluene are present almost in equimolar amounts. 


The effect of the structure of the end groups in ArCH,OX and ArCH,OCH, Ar’ 
structures 


The kinetic parameters are given in Table 4. 
It can be seen from the table that the substitution of cyclohexyl for 
phenyl decreases the thermolysis rate by 4—7 times at 350—410°C, i.e. the 





TABLE 4 


Kinetic parameters of thermolysis of ethers with different end groups (8.5 MPa, tetralin: substrat 


Rate constant k (min~') at T, °C 


Ar-CH,-O-X structure 
aie 


O CH2—O 


(4.4+0.3) 

CH2—O 

OF; 2 «1073 
(1.24+0.1) (6.3+0.2) 

ial «1072 “ai6>* 





bstrate = 10:1) 


(6.2+0.3) (3.0+0.2) 
x1073 x 107? 


(2.1403 (8.3+0.2) 
x1073 «10-2 


(2.5+0.2) (1.1+0.1) 
10° «107! 


(2.6+0.3) 
x107! 


Half-life 
(min) at T, 
7€ 


350 410 


(2.1+0.2) 
<1o7" 


(4.8 +0.2) 
x10~? 


46x10" "* 





aacio°°"™ 


(3.7+0.2) (1.5+0.2) (5.340.4) 
«107? «107! x107! 


CH,-O-CH,- Ar’ structure 


CH»—O —CH? 


(6.34+0.7) (2.5404) (9.8+0.2) 
«1073 x107? 107? 


* Extrapolated by the Arrhenius equation. 
** Rough estimation. 





(7.740.6) (5.84+1.0) 90 
ci 


63° 





T = 410°C 


C; x10°, g-mol 





\ oH 
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oO ee (cme 











60 


sf ry min 
Fig. 3. Kinetic curves of thermolysis of (a) benzylethylphenyl and (b) diethylphenyl ethers. 


effect is similar to that observed when a methylene group is introduced 
between oxygen and aryl (cf. benzylphenyl and dibenzyl ethers). 

The substitution of a dicyclic end group for phenyl increases the ther- 
molysis rate, the increase being much greater if this end group is bonded to 


the methylene group. For instance, ethers containing a-naphthyl form the 
following reactivity sequence: 


ore)» Broreer@) » ror 





o— 


> 


O™OO 
4 


Ww 
T 


c, x10°, g-mol 








Fig. 4. Kinetic curves of thermolysis of B-benzylnaphthyl ethers. 


Benzylnaphthy]l ethers, similarly to benzylphenyl ether, yield benzylnaph- 
thols as rearrangement products, together with toluene and the correspond- 
ing naphthol, which are the products of destruction (Fig. 4). 


The condensation processes complicate thermolysis of phenyl-a-methyl- 
naphthyl, benzyl-8-oxyquinolyl and benzyl-a-methylnaphthyl ethers. 


-1 
> wi 


Ww 
T 


5 + log Kjy,,» min 








2.3 


Ny 


Fig. 5. The dependence log k = f (N,) for thermolysis of benzylaryl ethers C;H;CH,OAr at 
300°C. 1-Nf: Ar =1-naphthyl; 2-Nf: Ar = 2-naphthyl; Pf: Ar = phenyl. 





TABLE 5 


The effect of the substituents in aryls on the rate of thermolysis of Ar’ -CH, —O-/ 
=10:1) 


Rate constant k (min~') at T, °C 


<6. ~CH,-O-C,0,-¥ 
X=H,Y=H 


X =H, Y=m-CH, (2.1+0.3) 
x10~3 
X =H, Y= p-CH, (4.9+0.2) 
“10° 
X = H, Y= p-OH (2.1+0.2) 
<10-* 
X =H, Y = p-CHO - 


X = p-CH,, Y=H (5.0+0.5) 
x10~3 

X =Y=p-CH, (1.7+0.4) 
107? 

C,H,-CH,-O-CH,-C,H,-X 

X=H 


X = p-CH, (1.2+0.1) (3.8401) (2.8+0.3) 
“10"* <i0-* x107! 


* Extrapolated by the Arrhenius equation. 





and Ar—-CH,-O-CH, -Ar’ ethers (8.5 MPa, tetralin : substrate 


Half-life E- 
(min) at T, (kcal / 
re mol) 


(3.040.2) (2.1+0.2) 
“107+ <16-* 
(4.7+0.3) 1.8x107'* 
x 107? 

(8.94+0.4) 3.1x107'* 
x10? 

(3.1402) 1.0* 
x10" * 

(1.8+0.1) (3.8+0.2) 
107 <10; - 
(8.84+0.3) 3.1x107! 
x10~? 

(2,640.3) 7.6x10°'* 10.1* 
x107! 


(7.7406) (5.8410) 90 12 
x10~2 
so" 0.5 0.09 





X=C 6H ,-O0-CH5=C eH ,-¥ 


%, 6 
Oo 





-1 
5 + log K, min 








4 


0.2 0.4 
O.+9, 
Fig. 6. The dependence log k =f (0, +0,) for X-C,H,OCH,C,H,-Y ethers. 1: X =H, 


Y =H; 2: X = m-CH,;, Y= H; 3: X = p-CH,;, Y=H; 4: X =H, Y= p-CH,; 5: X = p-CH,, 
Y = p-CH,; 6: X = OH, Y = H; 7: X = p-CHO, Y = H. 


Although the composition of the products obtained in the case of some 
ethers is complex, the products indicate that thermolysis of, all structures 
proceeds along the C—O bond. One may then assume that the effect of the 
aryl group on the thermolysis rate is proportional to the reactivity index N, 
of the postion at which the reacting grouping, i.e. the -CH,—O- group, is 
located. The calculation of N, [25,26] has shown that logarithms of the 
thermolysis rate constants are directly proportional to the reactivity indices 
(Fig. 5. At 300°C this dependence has the form: 


log K = —3.25 N,+ 5.29 


the correlation coefficients being 99.997%. 

The correlation dependence so derived allows us to evaluate the thermoly- 
sis rate for any benzylaryl ethers of the type C;H,;CH,OAr. 

The calculation of half-life periods (in min at 300°C) has shown that, 
depending on Ar, the reactivity varies within a wide range from 0.044 
(9-anthryl) to 114.36 minutes (3-biphenyl, pheny)). 


The effect of the substituents in aryls 


In real COM the ring-shaped clusters have a great number of substituents 
[1,2]. Stein [27] proposed that the presence of substituents decreases the 
activation energy E,, of COM destruction by at least 10 kcal/mole. 
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TABLE 6 
Kinetic parameters of thermolysis of the XC,H,-O-CH,-—C,H,Y ethers at 325°C 





Substituents X and Y Zo, + 6, * 
in the ether 


xX 


sl 
5 aneveet (min ) 








H 0 (3.0+0.2) x 10~? 
m-CH, —0.07 (4.7+0.3)x 107? 
p-CH, —0.17 (8.9+0.4)x 107? 
H p-CH, —0.17 (8.8 +0.3)x 107? 
p-CH, p-CH, —0.34 (2.6+0.3)x 107! 
p-OH H —0.37 (3.140.2)x107! 
p-CHO H +0.22 (1.8+0.1)x 107? 





* The values of Hammett o-constants are given, for instance, in ref. 25. 


However, the effect of the substituents in Ar-CH,—-O-Ar’ and 
Ar—CH,,—O-CH,-—Ar’ structures has been virtually unstudied. 

The data are listed in Table 5. As is seen from the values of the rate 
constants and half-life periods, electron-donor substituents such as m- and 
p-CH,, and p-OH increase the thermolysis rate, whereas electron-acceptor 
substituents, such as p-CHO, decrease this rate. The activation energies 
decrease in all cases, which agrees with calculations performed by Stein [27]. 

The chemistry of the transformations of benzylaryl and methylbenzylaryl 
ethers is similar to that of the thermolysis of benzylphenyl ether: in all cases 
almost equimolar amounts of hydrocarbons and phenols * corresponding to 
the C—O bond homolysis are formed together with 20-25% of the rearrange- 
ment product. 

Thus, the mechanism of thermolysis includes homolysis of the C—O bond, 
and hence the effect of the substituents manifests itself through the electron 
density of this bond. This means that the rate constants must depend on the 
Hammett o-constants. Since the reaction rates of p-benzyloxytoluene and 
p-methylbenzylphenyl ether are almost equal, the introduction of the sub- 
stituents into any ring of benzylphenyl ether results in the identical effect 
and in the case of introducing the substituents into both rings the effects 
must be additive. Table 6 lists the thermolysis rates for seven ethers at 
325°C and the corresponding sums of the Hammett o-constants. The graph 
plotted by the data of Table 6 shows an excellent correlation log k/k, = 
— 2.75 X (0, + 6,) with the exception of point 7 corresponding to the ether 
with an aldehyde group. The value of log k in this case is overestimated, 
since the aldehyde group is partially reduced to methyl in the course of the 


* p-Benzyloxyphenol is an exception. Its thermolysis results in the formation of hydro- 
quinone in an amount smaller than equimolar due to partial condensation. 
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experiment and the methyl substituent exerts quite an opposite effect and 
has a negative Hammett constant. 

The introduction of the p-CH, substituent into dibenzyl ether accelerates 
thermolysis to a much greater extent than its introduction into benzylphenyl 
ether (130-190 times, i.e. more than by two orders of magnitude). This may 
be due to specific features of the mechanism of thermolysis of dibenzyl ether 
since it is the only ether in the structure of which, as was shown above, 
intramolecular rearrangement takes place with a very low activation energy. 
This rearrangement involves the transfer of a hydride ion. 


In the structure of p-methyldibenzyl ether the induction effect of the 
methyl group gives rise to redistribution of the electron density as a result of 
which the carbon atom of the methylene group adjacent to the substituted 
ring will have an additional charge promoting the hydride transfer (shown 
with a circle). The hydrogen atom closest to the substituted ring of the 
methylene group (shown with a square) has no such advantage. The experi- 
ment has confirmed the proposed mechanism: p-xylene and benzaldehyde 
are the main products of thermolysis and only when contact times were 
prolonged did a small amount of toluene form as a result of benzaldehyde 
reduction. A thorough analysis did not detect p-toluyl aldehyde in amounts 
exceeding the sensitivity limit of the chromatograph. Thus, the experiments 
with p-methyldibenzyl ether extend the regularity of the substituents’ accel- 
erating effect to the -CH,-O-CH,- bridge as well as confirming the 
predominance (especially at low temperatures) of the molecular rearrange- 
ment mechanism proposed by Cronauer et al. [17] by the composition of the 
products and considerable acceleration of thermolysis. 


SUMMARY 


The constants of the rate of thermolysis of Ar-(CH,),—O-(CH,),,-Ar’ 
ethers were measured under conditions close to those of coal liquefaction 
(hydrogen pressure of 8.5 MPa; temperature up to 410°C) but minimizing 
secondary conversions (i.e. in excess tetralin). The ethers (when Ar = Ar’ = 
Ph) form the following reactivity series depending on the values of n and m: 
at 350°C: [0; 1] > [0; 2] > [1; 1] >[1; 2] > [2; 2] > [0; 0], and at 410°C: [0; 
1] >[0; 2]>[1; 2]>[1; 1]>[2; 2] > [0; 0]. The substitution of a bicyclic 
end group for phenyl in the substrate increases the rate of thermolysis. The 
effect of the aryl group on the rate of thermolysis is proportional to the 
reactivity index of the position at which the reacting grouping is located. 
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Electron-donating substituents increase the rate of thermolysis while Elec- 
tron-accepting substituents decrease it. The effect of substituents on the rate 
of thermolysis is described by the Hammett equation. The mechanism and 
pathways of ether conversions have been defined on the basis of the 
changing concentrations of the intermediate and final reaction products. In 
the case of benzylaryl and dibenzyl ethers the destruction was accompanied 
by intramolecular rearrangements. 


CONCLUSION 


It is likely that with progress of physicochemical methods of studying 
COM structure, information on the fraction of ‘bridge’ bonds and the 
structure of clusters will become available. The accumulation of kinetic data 
on the thermolysis of model compounds will allow calculation of the 
reactivity, since the calculation procedure can be applied to the variation of 
the structure of end groups as well as to a change in the number and 
structure of the substituents. 


Hence, the data on kinetics of thermolysis of model compounds help not 
only in elucidation of the mechanisms of COM destruction but in evaluation 
of the reactivity as the structure of COM becomes clearer. 
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ABSTRACT 


The oxidation of diethylacetal at 170° C has been studied using unlabelled and '* C-labelled 
acetal. The reaction was followed by observing the pressure change and analysis of the 
products. The relative amounts of each product, if extrapolated to zero reaction time, show 
which are the primary reaction products. This feature, together with the reactivity results, 
enabled us to establish the stoichiometry of the reaction. Reaction enthalpies are calculated 
as well as relative values of the rate constants for the attack of the hydroxy radical to the 
different positions of the acetal molecule. 


4C labelling; diethylacetal; pyrolysis; radiochromatographic analysis; reaction mechanism; 
stoichiometry. 


INTRODUCTION 


The investigation of gas-phase oxidation reactions of a series of cyclic and 
linear acetals labelled with the radioactive isotope '*C has been one of our 
goals over the last fifteen years [1-5]. The results published during that 
period strongly confirm the convenience of the use of this tracer in tackling 
such a complex reaction as oxidation. 

Checking the '*C distribution in the converted fuel, whenever possible, in 
other words, gathering information on the distribution of the radioactive 
products, helps to take account of a series of elementary reactions (which 
unfortunately occur in a great number) which no doubt would have been 
ignored or discarded at first. In many cases the method can allow the 
proposal of a reaction mechanism of a formidable complexity. There are not 
many techniques that yield so much information at such low cost as the use 
of tracers in oxidation. 

The aim of this work is to contribute to the improvement of our 
knowledge of gas-phase oxidation reactions through the study of the slow 
combustion of unlabelled diethylacetal and of species labelled with '*C in 
the two possible positions of the ethoxy group. 
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The explosion reactions and the cool flames produced in the oxidation 
under other experimental conditions have already been reported [6]. 


EXPERIMENTAL 


The oxidation reaction of the unlabelled species of diethylacetal was 
carried out under static conditions [7] in a Pyrex glass cylindrical reactor of 
about 250 ml volume housed in an electric furnace kept at a constant 
temperature of 170+1°C by means of an electronic controller. Reaction 
mixtures were prepared in a mixing vessel at 80°C for a short period of 
10-20 seconds before being charged to the reactor. 

The reaction was followed by the change of the pressure with time and by 
quantitative analysis. 

The species labelled with '*C were oxidized in another vacuum line with 
some minor modifications concerning the sample storage and the radioactive 
material recovery system [2]. 


Materials 


Diethylacetal (b.p. 103°C) pure quality (Fluka, Buchs, Switzerland) was 
treated by refluxing over extruded sodium with stirring followed by trap-to- 
trap distillation under vacuum with the aim of removing its major impurity, 
ethanol. Purity was checked by gas—liquid chromatography (GLC) and was 
found to be as high as 99.8%. 

Dry oxygen from the Sociedad Espanola de Oxigeno was condensed from 
the bottle to a bulb held at liquid nitrogen temperature and then distilled 
under vacuum, using only the medium fraction of the distillate in the 
experiments. This fraction was expanded into a 4.5 | glass balloon before 
manipulation. 

Methyl ethyl carbonate was synthesized [8] with ethyl chlorocarbonate 
and sodium methylate. [1-'*C]Ethanol and [2-'*C]ethanol were supplied by 
Amersham (Buckinghamshire, U.K.). 

Other chemicals used for calibration or identification purposes were of 
commercial origin or synthesized by standard methods. Substances were 
purified when necessary. 


Analyses 


Identification of substances was performed by GLC and mass spectrome- 
try. Quantitative analyses of products other than peroxides were carried out 
by gas chromatography. 

Reaction products were fractionated at liquid nitrogen or solid carbon 
dioxide temperatures prior to their analyses. 
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The vacuum line sampling system consisted of three traps and a Toepler 
pump which could be connected to the reaction vessel. Fractionation was 
carried out by immersing the traps in freezing baths at liquid nitrogen 
temperature. In this way the uncondensable gases passed to the Toepler 
pump for storage after exhaustive pumping. By replacing liquid nitrogen by 
solid carbon dioxide in the baths, the gases which did not condense in solid 
carbon dioxide were distilled to a sampling device cooled with liquid 
nitrogen. Finally, those substances that were condensable in dry ice were 
distilled to another sampler cooled at the liquid nitrogen temperature. Traps 
and sampling devices were heated electrically to prevent condensation of the 
products. 

The different parts of the system involved in the sampling and distillation 
process had been previously calibrated to determine their relative equivalent 
volumes, which were different depending on the freezing bath used. 

Once the distillation operation had been adjusted to optimal conditions, 
the total amount of condensed products was transferred to a sampling 
device for analysis by GLC. Aliquot fractions of gaseous products stored in 
the Toepler pump were led to another sampler for GLC analysis. 

All these calibrations were unnecessary for the labelled species, since we 
only measured relative amounts of substances in order to determine the 
relative activity of the peaks. 


Analysis of peroxides 


Total evaluation of peroxides was achieved by spectrophotometric analyses 
by the titanium sulphate method [3]. Measurements were carried out in a 
Beckman DU spectrophotometer. It had previously been determined that 
the complex absorbance was at a maximum at 410 nm. Samples condensed 
in a detachable trap at liquid nitrogen temperature were diluted with water 
and heated at 60°C. The reagent was prepared by adding concentrated 
sulphuric acid (20 ml) to an 8% titanium sulphate solution (2.5 ml) followed 
by dilution to 100 ml with distilled water. 

A calibration line was obtained by using 0.005 N hydrogen peroxide 
solutions, titrated against potassium permanganate immediately before use. 

Hydrogen peroxide and organic peroxides were separately detected by 
thin-layer chromatography. 

The samples were collected in the same way as described for spectropho- 
tometry, but this time they were diluted with 0.5 ml of peroxide-free 
diethylacetal. Blank chromatograms of the diluent were made from time to 
time to ensure that it did not contain any peroxides. 

Silica gel I1.T.L.C. type SA strips from Gelman Inst. Co. were used after 
treatment [3] with a 5% solution of ethylene glycol in acetone. The moving 
phase was a 10% solution of n-butanol in light petroleum (b.p. 90-100°C). 
The chromatograms were developed with N,N’-dimethyl-p-phenylenedi- 
amine dihydrochloride. 
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Radioactive diethylacetals 


Labelled diethoxyethanes were prepared by reaction of acetaldehyde with 
the corresponding labelled ethanol. The reaction was performed in a 100-ml 
round-bottomed flask; 5.5 g of anhydrous calcium chloride, 18 ml of 
radioactive ethanol and 24 ml of acetaldehyde were mixed together, in that 
order. An azeotropic mixture of the acetal with ethanol was collected upon 
distillation at 102-104°C. The same purification procedure as described 
above for unlabelled diethylacetal was repeated three times. 


Degradation 


Labelled diethylacetals were hydrolysed by adding two or three drops of a 
10% sulphuric acid solution to 0.5 ml of the acetal. About 1 pl of the 
mixture was injected into the radiochromatographic system. A summary of 
the results corresponding to several injections is presented in Table 1. 

The radiochromatographic system used to measure activity consisted of 
three parts: an analysis assembly, a combustion tube, and a proportional 
counter [4]. 

A PE 116 chromatograph coupled to an electronic integrator (PE D-26), a 
potentiometric recorder and a Kienzle D-21 printer were used. 


The gases emerging from the chromatograph were passed through a 
copper oxide combustion tube (diameter 2.7 mm, stainless steel) and a 
magnesium perchloride desiccant tube of 7 mm diameter and 17 cm length. 
They were then mixed with methane and led to the counter tube, a 10-ml 
volume Berthold counter connected to a high voltage source, a preamplifier, 
a single channel analyser, a time scaler and a printing scaler, all supplied by 
Nuclear Chicago. 


TABLE 1 
Synthesis of labelled diethylacetals 





DEA (I) * DEA (II) ** 
Active component [}*C]ethan-1-ol ['*C]ethan-2-ol 
Activity (mCi) 
Yield % (ethanol) 
Chemical purity (%) 
Specific activity 
(counts min~' mol~°) 





Degradation products (activity relative to DEA) 
Acetaldehyde 0 
Ethanol 50.3+1.8 


* DEA (I) = 1-ethoxy-{1-!* Cjethoxy-a-ethane. 
** DEA (II) = 1-ethoxy-{1-'* Cljethoxy-A-ethane. 








TABLE 2 
Analytical results in the oxidation of diethoxyethane at 170° C 


Amounts of products expressed as Torr in the reaction vessel. 





Time (min) 
7 


CH,CHO 8.5 
HCOOC,H, 0.1 
CH,OH 0.4 
C,H,OH 4.5 
CH,COOC,H, 1.3 
C,H,40, (DEA) 58.2 
H,O 5.2 
HCHO 

CH,COOH 

HCOOH 

CO(OC,Hs), 

co 











Counts were fed to an SA 41 Intertechnique multichannel analyser 


provided with a printer. The efficiency of combustion to carbon dioxide and 
the total removal of water was checked. 

The results in Table 2 were obtained under the following experimental 
conditions: 1875 V, 45 ml/min of helium and 22.5 ml/min of methane. 


RESULTS 


Reproducible results were obtained without difficulty, but from time to 
time we observed pressure increment-time of reaction curves that were 
lower than expected. In those cases the reaction vessel was cleaned several 
times with oxygen at 450°C followed by degassing. Reproducibility was 
thereby restored. 


The slow reaction 


The pressure increase versus time plots in the oxidation of diethylacetal 
are sigmoid in shape. For 1: 2 fuel-to-oxygen mixtures a proportionality was 
found between pressure rise and oxygen consumption in the first stages of 
the reaction between 150 and 200 Torr, with a proportionality constant 
independent of temperature over the 160—180°C range. Runs carried out at 
170°C at constant oxygen pressure (133.3 Torr) and different acetal initial 
pressures showed that the maximum rate of pressure increase was propor- 
tional to the latter. 





l | 3 
30 40 50 
Time/minutes 


Fig. 1. Total amount of peroxides formed at 170°C. Initial pressure, 200 Torr. Fuel: oxygen 
ratio, 1:2. 





Analytical results 


Experiments were carried out at 170°C, 200 Torr initial pressure and 
acetal: oxygen ratio of 1:2. Analytical results corresponding to different 
reaction times are presented in Table 2. 

Small amounts of the following substances were also detected: hydrogen, 
methane, ethylene, propylene, methyl ethyl carbonate and ethyl vinyl ether. 
Material balances of atomic carbon, hydrogen and oxygen, and pressure 


balances of the results shown in Table 2 were fitted with errors below 3%. 

Total peroxides were determined by carrying out runs at different reac- 
tion times, other experimental conditions being as stated in Table 2. The 
maximum concentration of total peroxides (1.48 Torr) was reached at 28 
min of reaction (see Fig. 1). 


TABLE 3 
Oxidation products of labelled diethylacetal 





Reaction Pressure DEA (1) DEA (II) 
product (Torr) 








Number Activity Number Activity 
of runs (%) of runs (%) 
Acetaldehyde ; 8 1 32.344.5 
Methanol : 10 l 37.24 3.7 
Ethanol 10 53 +3.2 
Ethyl acetate ; 9 50.7+4 
Ethyl formate 56.9+3.8 
Carbon monoxide : 10 7.1+0.9 
Carbon dioxide 10.7+1 
Ethylene 25.141.3 


Ethane 28 +1. 
Formaldehyde 0 


Acetic acid 24.841.2 
Formic acid - 
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Two spots were detected on the thin-layer plates, a first intense R,= 0.1 
spot attributed to hydrogen peroxide and another spot, R,=0.8 (also 
strong), which might probably correspond to an unresolved mixture of 
hydroperoxides derived from diethylacetal. 


Radiochromatographic analyses 


Oxidation experiments for 1-ethoxy-[1-'*C]ethoxy-a-ethane (DEA I) and 
1-ethoxy-[1-'*C]ethoxy-B-ethane (DEA II) were carried out for reaction 
times of 15 min. Mean values of various runs are presented in Table 3, 
expressing activities as percentage of the activity of the corresponding 
parent acetal molecule. 


DISCUSSION 


The ratio of the amount of each reaction product to the diethoxyethane 
consumed has been calculated for different reaction times and plotted in 
Fig. 2. Extrapolation to zero reaction time shows that a few substances 
(carbon dioxide, methanol and ethyl formate) are not produced at the 
beginning of the reaction. They seem to be formed from primary reaction 


products. The remainder of the substances are produced in appreciable 
amounts at very short reaction times, and may be considered as primary 


CH, CHO CH3COOH 
1.0 
° 
Ba 


15 





























Ratio of each product to DEA consumed 














Time/minvtes 


Fig. 2. Reaction products at 170°C. Ratio of each product to dietiryiacetal consumed. 
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reaction products. The extrapolated values are consistent with the following 
stoichiometric equation: 


1000 DEA + 1159 O, > 781 CH,CHO + 766 C,H,OH 
+966 CH,COOH + 200 CH,COOC,H, 
+9 CO(OC,H,), + 9 HCOOH 
+20 CH,0 + 40 CO + 274 H,O 


In this stoichiometric equation we have ignored the small quantities of 
peroxides. The equation may be divided into the following partial stoichio- 
metric equations: 


DEA + H,O > CH,CHO + 2 C,H,OH (28.3%) (1) 
DEA + 2 O, > CH,CHO + 2 CH,COOH+H,O (49.8%) (2) 
DEA + 0.5 O, - CH,COOC,H, + C,H,OH (20%) (3) 
DEA + 2 0, > CO(OC,H,), ++HCOOH+H,O (0.9%) (4) 
DEA + 4.5 0, >2 CH,0+4C0+5H,0 (1%) (5) 


Eqs. 1-3 account for 98% of the 1,1-diethoxyethane consumed at very 
short reaction times. These three reactions have been proposed on the basis 
of the radioactivity results and the results shown in Fig. 2. We have taken 
into consideration that the acetaldehyde produced in the oxidation of DEA 
(1) has zero activity, while that produced from DEA (II) has an activity of 
32.3%. According to this result, no partial stoichiometric equation may 
simultaneously produce two acetaldehyde molecules, for in this case it will 
show activity, independently of its origin [DEA (I) or DEA (II)]. Further- 
more, acetaldehyde may not be formed at the same time as ethyl acetate 
since it would then always present an activity of 50%, and even with the 
existence of reaction 1, some activity would always be observed. The fact 
that activities are measured at 15 min reaction time does not change the 
argument, since oxidation of acetaldehyde may change the amount found 
but never the activity of the molecule. The activity found in acetaldehyde 
shows that it is always formed from the carbon atom £ of the ethoxy group 
and one of the carbon atoms of the CH,CH group. Also, the fact that 
acetaldehyde formed from DEA (II) has an activity lower than 50% indi- 
cates that there is another reaction producing acetaldehyde of activity zero: 
reaction 1 must therefore be important at very short reaction times. 

The relative amounts of acetaldehyde, ethanol, acetic acid and ethyl 
acetate (Fig. 2) have caused us to disregard other possible stoichiometric 
equations that could explain their formation. Eqs. 1—3, on the other hand, 
explain the activities found. Thus eqs. 1 and 3 would produce ethanol and 
ethyl acetate of 50% activity. Eq. 2 indicates that the activity of acetic acid 
would be 50% [DEA (I)] or 25% [DEA (Ii)]. At a reaction time of 15 min 
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part of the acetaldehyde has been oxidized to acetic acid, so the observed 
activity of the latter is considerably lower in the case of DEA (I) (activity of 
acetaldehyde = 0) and is not very different from that expected in the case of 
DEA (II) (activity of acetaldehyde = 32.3%). 

Formaldehyde is a minor product having zero activity in all cases. It 
cannot be formed from the ethoxy groups of the acetal. Carbon monoxide 
presents an activity lower than might be expected on the basis of reaction 5 
(25%) due to the fact that it is also formed by oxidation of reaction products 
with lower, or zero activity. Carbon dioxide is another product formed by 
the oxidation of some of the primary reaction products, thus its activity is 
low and does not allow us to draw any conclusions. Methanol is never 
formed from the a carbon atom of the ethoxy group. It is mainly formed 
from the terminal methyl groups of the ethoxy groups and, in part (about 
25%), from the other methyl group of the molecule. In the case of the 
oxidation of dimethoxyethane it was found that methanol was mainly 
formed from the terminal methoxy groups [1]. 

Estimating enthalpies of formation of some of the species taking part in 
the stoichiometric eqs. 1—5, or using values taken from the literature [10], we 
have calculated that the stoichiometric eq. 1 (hydrolysis) is slightly endother- 


mic by about 64 kJ mol~', while eqs. 2-5 are exothermic by 818, 222, 506 
and 1302 kJ mol™', respectively. 


Chain initiation and chain propagation reactions 


It is generally accepted that chains are initiated by oxygen attack on the 
fuel molecule: 


DEA + O, > DEA’+ HO; 


HO, radicals will eventually produce hydrogen peroxide and oxygen [11]: 
2 HO; — HO, + O, 


A surface initiation process to form radicals may not be excluded at the 
temperature of the experiments. The radicals produced in the reaction 
system may act as chain propagation agents. Of the various radicals present, 
the most reactive is probably the hydroxyl radical, which will react with fuel 
molecules to produce water and the four DEA’ radicals below: 


CH,CH(OC,H,), + HO’> H,O + CH,C(OC,H,), 
+ H,O + CH,CH(OC,H,)(OCHCH, ) 
~ H,O + CH,CH(OC,H.,), 
~+ H,O + CH,CH(OC,H,)(OCH,CH,) 


We may accept that the frequency factor for the attack of the OH radical 
at any position of the molecule is about the same: Greiner [12] found a value 
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of A... for cyclohexane between 295 and 497 K of 1.96 x 107 '* molecule™! 
s~'. A value of A), Of 2.94 x 10~'* molecule™' s~' may be deduced as an 
average of the literature values [12—16]. The value of A for the attack of OH 
radicals to the tertiary carbon atom of diethylacetal is unknown, but we may 
consider it to be of the same order as A,,, and A,,,,,. For the discussion that 
follows we may suppose that the value of A will not depend on the position 
of the hydrogen atom being abstracted. Activation energies for the attack of 
the OH radical on the different positions of the DEA molecule will be taken 
as follows: for the primary carbon atoms, the mean value of various 
determinations [12-16] for the case of ethane: i.e. 10.3 kJ mol~'. For the 
case of secondary carbon atoms the activation energy will be lower than that 
corresponding to the attack on cyclohexane (2.65 kJ mol~!) due to the 
proximity of the oxygen atom. For the case of the tertiary carbon atom we 
suppose it to be zero. Therefore, at 170°C k,/k,=5.46, k¢/k, = 2.73, 
k./k,=0.25 (For E,=0), k,/k,=0.5 (For E, = 2.65 kJ mol~'). We may 
suppose E, to be about 1.7 kJ mol~! and consequently, we may say that 
ky: kei ky: kg = 14:5.5:2:1. 

The relative values of the rate constants can be estimated by Atkinson’s 
procedure [16]. Using the parameters tabulated by this author, we have 
calculated the following values: 


k, = 37.8 X 10~'" cm? molecule! s~! 
k,=14.2 x 107 cm? molecule™! s~! 
k, =0.5 X 107? cm’ molecule™! s~! 
k,=1.1X10~' cm’ molecule! s~! 


Therefore we may conclude that all four radicals formed according to 
reactions 6—9 take part in the chain propagation process although they are 
not all of equal importance. From the values estimated above it seems clear 
that reactions 6 and 7 predominate in the process. 

It is unfortunate that, due to the lack of ‘C-labelled acetaldehyde, 
diethylacetal labelled in the acetaldehyde part of the molecule could not be 
synthesized, so the study of the mechanism could not be completed. Experi- 
ments carried out by oxidizing unlabelled DEA in the presence of '*O could 
help us to understand some of the elementary reactions which lead to the 
reaction products. 
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ABSTRACT 


The very low pressure pyrolysis of 1-alkynes in the C,-C, range ( <1450 K, 10~? s, 
10~?-10~? mbar) was investigated using two different detection set-ups: matrix isolation/IR 
and mass spectrometry. The results confirm that there are mainly three unimolecular reaction 
routes: (a) a retro-ene analogy leading to allene and the corresponding 1-alkenes, (b) a C—C 
bond rupture preferentially resulting in propargyl and alkyl radicals, and (c) a reaction course 
ending up in five-membered ring hydrocarbons. The last reaction seems to occur via an 
acetylene—vinylidene rearrangement followed by 1.5-C,H insertion of the intermediately 
formed alkylidene carbenes and consecutive reactions of the primary cyclization products. 

Additionally, the formation of benzene from 1-octyne, which probably occurs via a 


four-step sequence inducing 3- and 4-methylenecyclopentene as key intermediates, was 
substantiated. 


Alkynes, C,—C,; infrared spectroscopy; mass spectrometry; pyrolysis; reaction mechanism. 


INTRODUCTION 


The thermal conversion of alkyl acetylenes of length >C,; has already 
been studied several times by means of techniques that facilitate unimolecu- 
lar reaction steps exclusively or at least to a great extent (shock tube [1,2] 
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Scheme 1. 


and very low pressure pyrolysis (VLPP)/mass spectrometric (MS) experi- 
ments [3—5] showing that there are two competitive mechanisms: 

— a C-C bond homolysis originating in propargyl and alkyl radicals, 

— an analogous retro-ene reaction resulting in a 1:1 mixture of allene and 

the corresponding olefine [6] (Scheme 1). 

Very recently we observed that under unimolecular conditions, typical of 
VLPP experiments, five-membered ring species are formed to a remarkable 
extent from alkyl acetylenes of length > C; [7]. 

It has been proposed that the formation of e.g., cyclopentadiene and 
methylcyclopentadienes is started by a 1,2-shift of the acetylenic H atoms 
(acetylene—vinylidene isomerization [8]) followed by 1,5-C,H insertion of the 
alkylidene carbenes formed as intermediates, whereby 3-alkylated cyclopen- 
tenes should be formed as primary cyclization products. Only hydrocarbons 
with a cyclopentadiene structure were detected, rather than the correspond- 
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Scheme 2. 


Scheme 3. 
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ing 3-alkyl cyclopentenes. Therefore we concluded that, under the condi- 
tions used in ref. 7, the primary products of cyclization are obviously not 
stable enough to survive, since they may undergo subsequent H, or formal 
CH, elimination (Scheme 2). 

In order to get a better understanding of the complex reaction course we 
studied the thermal conversion of alkyl acetylenes in more detail. The 
unimolecular conversion of the alkyl acetylenes 1-6 (Scheme 3) investigated 
by means of VLPP using two different detection set-ups (matrix isolation/ IR 
and MS) is described in the present paper. 


EXPERIMENTAL 
Preparation of the parent alkynes 1-6 


Compounds 1-5 (Scheme 3) were prepared from sodium acetylide and the 
corresponding alkyi halides in liquid ammonia by the standard procedure 
described in ref. 9. [1-D, ]-5-Methyl-1-hexyne (6) was obtained by treatment 
of the sodium salt of 5 with D,O in dibutyl ether [10] or by repeated H—D 
exchange of 6 with NaOD. The purity of the synthesized 1-alkynes was 
> 99% (determined by gas chromatography (GC) (25-m glass capillary, 
OV-1). The D content of 6 was determined by MS and 'H-NMR (> 96%), 
the D position follows from the relevant 'H-NMR spectra. 


Preparation of model hydrocarbons 


Cyclopentadiene (7a, Scheme 4) was produced from the dimer analo- 
gously to the procedure given in ref. 11. GC purity, 99.9%. 


QO ‘of ex (h dy CH2=C=CH2 


j 
D 
mo Ba a 


D-CH=C=CH2  H2C=CH2 H2C=CH—R 


n 12 


CH2CH*CH> HC=C—CH> 


Scheme 4. 





Methylcyclopentadiene (8a) was prepared from a dimer fraction of 8a in a 
way similar to that described for 7a. GC purity, 99.1%. 

3-Methylcyclopentene (9) was synthesized from 3-chlorocyclopentene and 
methyl magnesium chloride [12,13]. GC purity, 98%. 


Equipment 


A set-up was used for VLPP matrix isolation/IR investigations (‘A’) 
which has already been described in ref. 14. The optical window was CsI. 
The reaction temperature was varied between 920 and 1250 K, the pressure 
of the samples between 6 x 10~? and 4x 10~* mbar. The residence time 
amounted to about 10~? s, the target temperature was 10-15 K. The matrix 
gas (nitrogen) was used in a five hundred-fold excess relative to the hydro- 
carbon studied. In some cases solid phase spectra were recorded either at 65 
K (parent alkynes and reference compounds) or at 77 K (products of singled 
out pyrolysis runs). After recording the IR spectra, the pyrolysis products 
were transformed into the gas phase and analyzed by GC or (after recon- 
densation at 77 K) by GC-MS (3-m stainless steel column, Al,O;). 

For the VLPP/MS investigations a set-up (‘B’) was used that was suitable 
for observing the qualitative dependence of product concentrations on the 
reaction temperature. ‘B’ consisted of a quartz cell (130 mm X 6 mm I.D., 
diameter of the orifice: 3 mm) as VLPP reactor [15], which was firmly 
connected to the ion source of the mass spectrometer (Varian MAT CH6) 
used for on-line product analyses (see, for example, refs. 3—5). With respect 
to the reaction parameters (300-1450 K, 10~?-10~* s, 10-° mbar and 
molecular masses of the parent alkynes studied between 80 and 100) the 
average numbers of substrate—wall collision amounted to nearly 400 whilst 
those of the substrate—substrate collisions tended to zero. The ionization 
energy used for recording the product spectra was normally 12 eV in order 
to diminish mass spectrometric fragmentations. 


RESULTS AND DISCUSSION 


Fig. la—d shows representative integral matrix /IR spectra of the reaction 
products from the parent alkynes 1—4, while Fig. 2a, b gives the spectra of 
the pyrolysis products from 5 and 6. These spectra contain the absorption 
bands of the unconverted parent alkynes (e.g., 620-650, 3330 cm~'). The 
results of the product analyses performed by means of matrix isolation/IR 
were completed by VLPP/MS investigations of the parent alkynes 2—5. The 
data obtained in this way are given in Fig. 3a—d as plots of relative MS 
intensities (J) versus reaction temperature. The molecular ion peaks of the 
unconverted parent alkynes could not be considered because of their low 
intensities [16]. Therefore, the degree of conversion of 2—5 was observed 
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Fig. 1. Matrix isolation/IR spectra of the reaction products and intermediates at the very low 
pressure pyrolysis experiments [matrix gas: nitrogen (4 107! mbar)] of 1-4 (5x 107? mbar) 
1 (1190 K), 2 (1190 K), 3 (1110 K), and 4 (1040 K). Symbols: 0, parent alkynes; @, propargyl 
radical; @, ethyl; O, methyl; @, ethylene; a, 1-olefins (C,—C,); a, allene; ©, cyclopentadiene 
and methylcyclopentadienes. 
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Fig. 2. Matrix isolation/IR spectra of the reaction products and intermediates at the very low 
pressure pyrolysis experiments [matrix gas: nitrogen (4X10~' mbar)] of 5 and 6 (1220 K, 
5x10? mbar). Symbols: see Fig. 1; X, isobutene. 


indirectly only in relation to the intensity of m/z 81, which was found to be 
formed in a significant quantity from 2—5, and in similar manner. All results 
depicted in Fig. 3 are to be understood as qualitative (and at best semi- 
quantitative) findings [17]. Identified species and those to be expected as a 
result of VLPP of the alkynes 1-6 are compiled in Scheme 4. 

For a better understanding of the formation of 7a and 8a from 1-5, and 
of 7b and 8b from 6, VLPP of 9 was additionally studied using the set-up 
‘A’. Besides IR bands originating from 7a and 8a there are, however, no 
spectral data which can exposure the existence of remnants of 9 in the 
matrices of its pyrolysis products [18]. 

Our results clearly confirm the suggestion expressed in the introduction 
that the unimolecular thermal conversion of 1-alkynes of length > C,; occurs 
via three competitive reaction channels which are mainly characterized by 
— a retro-ene analogous course [route (a)] 

— a homolytic C—C bond rupture [route (b)] and 
— a 1.2-H shift of the acetylenic hydrogen connected with the formation of 

alkylidene carbene intermediates [route (c)]. 

In all cases the thermal conversion became significant under VLPP 
conditions at temperatures from 900 to 1000 K only. 
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In agreement with refs. 1—5 (see also ref. 6) the main product formed is 
allene (10a) from 1-5 (846-850, 1960 cm~', m/z 40) and D,-allene (10b) 
from 6 (707, 841-846, 1956 cm~', m/z 41), confirming the importance of 
the analogous retro-ene reaction course (Scheme 1). The formation of 10a is 
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Fig. 3. m/z plots of relative MS intensities of reaction products and intermediates at the 
pyrolysis of 2—5 vs. reaction temperature. 


accompanied by the corresponding 1-alkenes (11 from 1: 950 cm™'; pro- 
pylene from 2: 915-919, 997 cm7!, m/z 42; 1-butene from 3: 915-919, 997 
cm~', m/z 56; 1-pentene from 4: 915-919, 997 cm~', m/z 70), that of 10b 
from 6 by isobutene (887 cm~', m/z 56). Under the VLPP conditions used 
by us 1-butene and 1-pentene are less stable than 11 and propylene [18]. The 


former apparently decomposes by B(C-—C) bond rupture, yielding the allyl 


radical 17 (m/z 41) and alkyl radicals (15: 613 cm~', 16: 533 cm~') and 
hydrogen atoms [19]. The propargyl radical 18 (496, 688, 696, 701 3310 
cm~', m/z 39 [20]) and 19 (568, 2545 cm~', m/z 40) are the main radical 
species. The homolytic bond rupture in the B-position to the triple bond of 
the parent alkynes is clearly favoured. The corresponding alkyl radicals 
> C, could not be detected. They obviously have no change of survival on 
the way to the target. Instead of these radicals ethylene and smaller radicals 
were detected. Besides the products whose formation is explainable by 
retro-ene analogous reactions we succeeded in proving the formation of 
some products which cannot immediately be interpreted. This concerns the 
products with m/z 54 and m/z 52, which may reasonably be thought to be 
butadienes and/or butynes (m/z 54) and vinylacetylene (m/z 52). These 
products had already been detected when pyrolyzing > C, alkynes in shock 
tube experiments [2] and in vacuum UV photolysis of 1-hexyne (2) [6] and 
identified as 1,2- and 1,3-butadiene, 1-butyne and vinylacetylene, respec- 
tively. 

Another point worth noting is the formation of five-membered ring 
hydrocarbons. In principle, species with carbon numbers greater than or 
equal to those of the parent alkynes can be formed by cyclization of alkenyl 
radicals (see, for example, refs. 13 and 21). But such a cyclization is not 
compatible with the fact that bimolecular events are insignificant under our 
conditions of very low pressure pyrolysis. Therefore, the formation of cyclic 
hydrocarbons demands unimolecular processes obviously involving a 1.5-C,H 
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insertion of alkylidene carbene species, as has already been published partly 
[7] and which has meanwhile been recognized as an important reaction 
channel even under conditions favouring bimolecular steps [13]. Unfor- 
tunately, we failed to detect such hydrocarbons in the matrices as would be 
expected as primary cyclization products (e.g., cyclopentene from 1, 9 from 
2, 3,3-dimethylcyclopentene from 5). Instead of these products we found 7a 
(668, 809, 912, 960 cm~') from 1, 7a and 8a (680, 813, 890, 902 cm™!, m/z 
80) from 2, 8a from 5 and 8b (653, 865, 1590 cm~') from 6. We explain 
these results as being due to the fact that at high temperatures the expected 
primary cyclization products have scarcely any change of survival because 
they undergo rapid consecutive reactions such as 1,4-H, elimination or 
radical demethanization. Therefore, when 9 was subjected to the same 
pyrolysis conditions as 2 only 7a, 8a and 15 could be detected with certainty 
in the corresponding matrices. Starting from 2, 3, and 5 the MS plots of 
intensity vs. reaction temperature (see Fig. 3) show m/z 80 but only traces 
of m/z 78 could be observed. On the other hand the appropriate plot for the 
thermal conversion of 4 indicates the presence of m/z 78 and m/z 80 ina 
significant amount. Furthermore, the intensity of m/z 80 runs through a 
maximum at about 1200 K. At higher temperatures, 8a obviously decompo- 
ses via a mechanism that is not explainable from the experimental results, 
since we failed to detect either the methylcyclopentadienyl (m/z 79) or the 
cyclopentadienyl radical (m/z 65). The result that 4 gives more m/z 78 than 
2, 3, and 5 indicates a different behaviour in benzene formation. Therefore, 
the conversion of 3-n-propylcyclopentene 20 seems to occur by way of 


Scheme 5. 
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another mechanism, as discussed for 9. Such an alternative might very 
probably involve 1,4-H, elimination of 20 leading to a mixture of the 
n-propylcyclopentadiene isomers (21) and retro-ene decomposition of 21 to 
3- and 4-methylenecyclopentene (22a and b) followed by their dehydrogena- 
tion and finally resulting in pentafulvene (23) [23] (Scheme 5). 

Although during the course of VLPP 20-23 are obviously not stable 
enough to accumulate in concentrations allowing their spectroscopic identi- 
fication, 23 is a plausible intermediate that is known to isomerize into 
benzene (14) [23,24]. 


CONCLUSIONS 


It has been demonstrated that during unimolecular thermal conversion of 
> C, 1l-alkynes there is a third route (c) besides the well-known retro-ene 
analogous decomposition [route (a)] and the homolytic C—C bond rupture 
[route (b)]. At temperatures of the order of 1100 K, the ratio of these routes 
was already estimated to be (a): (b):(c) 50:35:15 [7] given in terms of the 
percentage of the converted parent alkyne. With regard to the formation of 
five-membered ring species our results are consistent with a mechanism 
involving a 1.2-shift of the acetylenic hydrogen and a 1.5-C,H insertion of 


intermediate alkylidene carbenes, leading to 3-alkyl cyclopentenes as primary 
products. These products could not be detected because of rapid consecutive 
reactions resulting in the preferential formation of cyclopentadiene and 
methylcyclopentadienes. Additionally a secondary process has been pro- 


posed, which is useful in interpreting the formation of m/z 78 (benzene) 
from 1-octyne. 
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SYMPOSIUM REPORT 


The Analytical Pyrolysis/ Mass Spectrometry Symposium was convened 
during the XV Federation of Applied Chemistry and Spectroscopy Societies 
Conference in Boston, Massachusetts, 3 November 1988. Richard A. Yost 
(University of Florida), Mass Spectrometry Symposium coordinator, ap- 
pointed A. Peter Snyder (U.S. Army Chemical Research, Development and 
Engineering Center) to organize and chair the Symposium. A series of four 
papers were presented that related the common theme of using analytical 
pyrolysis as the sample processing concept. 

Professor Kent Voorhees (Colorado School of Mines) presented Curie- 
point wire pyrolysis (Py) interfaced to mass spectrometry (MS) and MS/MS 
analyzers. Microorganisms as well as microorganism/ interferent mixtures 
were investigated; multivariate analysis as well as artificial intelligence (AI) 
augmenting a multivariate analysis of the Py—mass spectra of an organism 
mixture were necessary in order to provide meaningful detection and identi- 
fication conclusions. The Py-MS-—AI concept was used to separate closely 
related Py—mass spectra of Xanthomonas and Pseudomonas species. This is 
important because the former bacterium is pathogenic to citrus tree orchards. 
The organism in suspect leaf samples was misclassified as Xanthomonas by 
microbiological techniques but was later found to be the innocuous Pseudo- 
monas species using Py-MS—AI. 

Dr. A. Peter Snyder presented the quartz tube pyrolysis concept inter- 
faced to an atmospheric pressure ionization MS/MS analyzer. This analyti- 
cal interface was applied to the detection and identification of solid analytes 
in solid formulations. The explosive cyclotrimethylenetrinitramine (RDX) 
was observed in a polymeric-based munition and pharmaceuticals such as 
aspirin, caffeine, acetaminophen, pseudoephedrine and phenylpropanol- 
amine were found, via MS and MS/MS analyses, in their respective over- 
the-counter cold remedy products such as Anacin, Bufferin, Tylenol, Sinu- 
tab, Exedrin and Contac. No preprocessing of the sample was required and 
operator ease of a typical analysis highlighted the experimental procedure. 

Professor Henk Meuzelaar (University of Utah) presented Curie-point 
wire pyrolysis in conjunction with transfer /gas chromatography (GC) col- 
umns into ion trap mass spectrometry analyzers. The extraction of the high 
molecular weight lipid information from microorganisms was presented 
where they were either directly pyrolyzed or methylated with on-line deriva- 
tization (OLD). The latter procedure significantly reduced the time of 
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evolution of the methylated fatty acids. Furthermore, the OLD procedure 
produced identical results with that of the manual extraction / derivatization 
procedures, and only microgram amounts of bacteria need be used in 
comparison to the milligram levels required of the manual procedure. 

Professor Stephen Morgan (University of South Carolina) presented 
evidence that quartz tube pyrolysis GC/MS is beneficial for the extraction 
of various key pyrolyzate compounds that are unique and/or important for 
differentiating various bacteria. Compounds such as acetamide, propion- 
amide, 2-acetylamino-2-butenoic acid, furfuryl alcohol and the postulated 
cycloacetylalanine compound were influenced by the amount of pepti- 
doglycan present. This is a function of whether the organism is a Gram 
positive or negative bacterium or fungus. 

Financial contributions for the speakers of the Symposium were gener- 
ously provided by Bristol-Myers Co., Wallingford, CT; Chemical Data 
Systems, Oxford, PA; Fischer America, Inc., Waukesha, WI and Somatogen, 
Broomfield, CO. 

Mass spectrometry was shown to be a practical, invaluable tool in 
analyzing sample information from pyrolysis devices. Conversely, pyrolysis 
devices were shown to produce meaningful sample information in an experi- 
mentally expedient manner. 

Professor Voorhees saw the current status of pyrolysis as similar to that of 
supercritical fluid technology in the early part of this decade. He further 
pointed out that a greater emphasis on concerted commercialism and 
industry support for the pyrolysis concept would be most welcomed by the 
scientists that use the technique. This would no doubt attract “fresh blood” 
to further expand the user base and hence create/ enhance the applications 
of the technique. 

The Gordon Conference on Analytical Pyrolysis and the International 
Symposium on Analytical and Applied Pyrolysis are important meetings 
that concentrate on the pyrolysis concept. The FACSS XV meeting, how- 
ever, is believed to be the first multidiscipline, major scientific conference 
that sponsored a Symposium concentrating on the analytical pyrolysis 
technique. It is hoped that this scientific area will be incorporated more 
substantially in future FACSS and other major conferences. 


A. PETER SNYDER 

Research Chemist, 

U.S. Army Chemical Research, 
Development and Engineering Center, 
SMCCR-RSL, 

Aberdeen Proving Ground, 

MD 21010-5423, U.S.A. 





Journal of Analytical and Applied Pyrolysis, 16 (1989) 101-102 
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands 


Meeting Announcement 





GORDON RESEARCH CONFERENCE ON ANALYTICAL PYROLYSIS 


The Gordon Research Conference on Analytical Pyrolysis has been 
scheduled for June 19-23, 1989 at New Hampton School, New Hampton, 
New Hampshire, U.S.A. This time the conference will highlight two major 
items. The first part of the week will be focussed on fundamental aspects of 
flash-pyrolysis and thermal degradation, the second half will be dedicated to 
applications in natural product chemistry and in petroleum and coal geo- 
chemistry. For information: Dr. J.W. de Leeuw, Technical University Delft, 
Department of Chemical Engineering, Organic Geochemistry Unit, de Vries 
van Heystplantsoen 2, 2628 RZ Delft, The Netherlands, tel. (0)15-786325, 
telex butud 38151, fax (0)15-786522. 


Programme 


Monday morning 
Fundamental Aspects of Thermal Analysis I 
Chairman: H.-R. Schulten, Fresenius Inst., Wiesbaden, F.R.G. 


1. R.S. Lehrle, University of Birmingham, U.K.: The future of pyrolysis: 
further progress in the subject demands the same approach as that for 
improving a molecule — strengthen the weak links in the chain! 

2. J.R. MacCullum, University of St. Andrews, U.K.: The problems of 
pyrolysis: can theory help? 


Monday evening 

Fundamental Aspects of Thermal Analysis II 

Chairman: S. Tsuge, Nagoya University, Japan. 

3. J.J. Boon, FOM-Institute, Amsterdam, The Netherlands: Time resolved 
flash pyrolysis—EI /CI/ PI—mass spectrometry of plant cell walls and cell 
wall polymers. 

. H.L.C. Meuzelaar, University of Utah, Salt Lake City, U.S.A.: Compari- 
son of thermogravimetry, Curie-point pyrolysis and laser pyrolysis; some 
mechanistic and kinetic aspects. 


Tuesday morning 

Mechanisms of Pyrolysis 

Chairman: R.P. Lattimer, B.F. Goodrich Co., Brecksville, U.S.A. 

5. T.P. Wampler, Chemical Data Systems, Oxford, U.S.A.: An assessment 
of the proposed degradation mechanisms of poly(ethylene) with implica- 
tions for geopolymers. 

6. L.M. Stock, University of Chicago, U.S.A.: On the origins of the alkanes 
in coals and coal products. 





102 


Tuesday evening 

Quantitation and Reproducibility in Thermal Analysis 

Chairman: G. Eglinton, University of Bristol, U.K. 

7. S. Larter, University of Oslo, Norway: Aspects of quantitation in slow 
and fast analytical and applied pyrolysis. 

8. J. Sleeckx, Dow Chemical, Terneuzen, The Netherlands: Reproducibility 
in flash-pyrolysis. 


Wednesday morning 

Mass Spectrometric Detection of Bio- and Geopolymer Pyrolysis Products 

Chairman: R. Helleur, Memorial University, St. John’s, Canada. 

9. N. Simmleit, Fresenius Inst., Wiesbaden, F.R.G.: Time-resolved 
Py—FI-MS of bio- and geopolymers. 

10. A. Tas, TNO-CIVO, Zeist, The Netherlands: DCI—pyrolysis MS and 
MS/MS in polysaccharide research: specificity tuning by optimization 
of ionization conditions. 


Wednesday evening 

Comparisons of Thermal Analysis Methods 

Chairman: R. Winans, Argonne Nat. Lab., Argonne, U.S.A. 

11. T. Szekely, Research Laboratory for Inorganic Chemistry, Budapest, 
Hungary: Common theoretical fundamentals of thermal analysis and 


analytical pyrolysis from a physico-chemical point of view. 

12. P.R. Salomon, Adv. Fuel Research, Inc., Hartford, U.S.A.: Application 
of TG—FTIR in analytical pyrolysis. 

Thursday morning 

Rock-Eval and Hydrous Pyrolysis 

Chairman: K.E. Peters, Chevron Oil Field Res. Comp., La Habra, U.S.A. 

13. N. Ryan Gray, Exxon Prod. Res. Comp., Houston, U.S.A.: Analytical 
pyrolysis in petroleum exploration: the utility of Rock Eval and pyroly- 
sis/ GC techniques for source rock characterization. 

14. M.D. Lewan, Amoco Prod. Comp., Tulsa, U.S.A.: Fundamental aspects 
and application of hydrous pyrolysis in petroleum exploration. 

Thursday evening 

Characterization of Coals and Coal Processes by Pyrolysis 

Chairman: F. Behar, IFP, Rueil-Malmaison, France. 

15. M. Nip, Industrial Quimica del Nalon S.A., Trubia, Spain, and J.C. 
Crelling, South Illinois Univ., Carbondale, U.S.A.: Molecular 
characterization of coal macerals by pyrolysis methods: consequences 
for coal technology. 

. R.J. Evans, Solar Research Inst., Golden, U.S.A.: Rapid spectrometric 
characterization of biomass feedstocks and pyrolysis products and the 
prediction of their energy utilization potential. 


Friday morning 
Chairman: K.J. Voorhees, Colorado School of Mines, Golden, U.S.A. 
Four oral presentations of selected posters. 
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